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Preface 



Organolithiums are versatile, widely used reagents and intermediates in organic 
synthesis. As part of the accelerating interest in developing methods for asym- 
metric synthesis, the use of organolithiums in enantioselective synthesis has 
witnessed spectacular advances in the last dozen years. This volume constitutes 
the first comprehensive treatise of this exciting area. 

Carving up the field of enantioselective organolithium chemistry into dis- 
crete chapters based on the type of process involved is of course to some extent 
an artificial process and could, no doubt, have been carried out in other ways. 
Nevertheless, it is believed that the eight main chapters of this volume constitute 
a reasonable division into the major areas where significant progress has been 
made. Also, in a multi-author volume of this nature, it is inevitable, and at times 
desirable (for the completeness of an individual chapter) that there is the occa- 
sional slight overlap of content between chapters. It must also be accepted that 
the level of detail and style of chapters will differ, as each contribution brings a 
flavour of the author's own knowledgeable views to the precise area under dis- 
cussion. For example, several chapters include appropriate background on dias- 
tereoselective (especially chiral auxiliary) based approaches to the use of orga- 
nolithiums in synthesis; this material serves to put the enantioselective (ligand- 
assisted) contributions into proper perspective. 

I am very grateful to my fellow chemists who generously put their expertise 
into this project: P. Beak, M. Briiggemann, J. Clayden, B. Goldfuss, E. Gras, D. 
Hoppe, M. Iguchi, T. A. Johnson, D. D. Kim, S. H. Lim, F. Marr, S. Nakamura, J. F. 
Normant, M. A. H. Stent, K. Tomioka, K. Tomooka, T. Torn, and K. Yamada. I am 
also grateful to J. Brown (Oxford) for encouragement and C. Moisa (Springer) 
for help with the preparation of this volume. 



Oxford, January 2003 



David Hodgson 
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Overview of Organolithium-Ligand Combinations and 
Lithium Amides for Enantioselective Processes 
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The first reports of the use of additives to induce enantioselectivity in reactions of organolith- 
iums appeared in the late 1960s, with widespread interest developing from the late 1980s on- 
wards mirroring the heightened interest in asymmetric synthesis. This chapter provides an 
overview of the use of external chiral ligands as the source of enantioinduction in organolith- 
ium processes, mainly in the areas of asymmetric additions and enantioselective deprotona- 
tions. Key selected developments are presented, with emphasis on important ligand classes in- 
vestigated, the source of these ligands and the effect of ligand structure on the success of a 
process. Chiral lithium amides/alkoxides have been extensively investigated in a number of 
valuable asymmetric processes, however, in this chapter only those examples of the use of lith- 
ium amides that result in the formation of a new enantioenriched organolithium species are 
discussed. 

Keywords. Chiral ligands, Enantioselective processes. Lithium amides, Organolithiums 
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1 

Organolithium-Ligand Combinations 
1.1 

Historical Perspective 

Organolithium chemistry pervades organic chemistry, and aspects of organo- 
lithium chemistry have been reviewed on several occasions [ 1 -5 ] . Its beginnings 
can be traced to the early part of the last century: in 1917 Schlenk and Holtz re- 
ported the first organolithium compound (by transmetallation of dimethylmer- 
cury with lithium) [6]; the earliest reported example of metallation by an orga- 
nolithium compound (the reaction of ethyllithium with fluorene to give 9-flu- 
orenyllithium and ethane) appeared in 1928 [7] ; shortly thereafter preparations 
of organolithium reagents from organic halides and lithium metal appeared by 
Ziegler [8], Wittig [9], and Gilman [10], As the utility of organolithium reagents 
in synthesis developed, it became clear that the solvent(s) used, as well as the ad- 
dition of small quantities of Lewis bases such as amines, could have important 
affects on reactivity. Key ligand developments occurred around 1960, with inves- 
tigations (mainly industrial) into the use of chelating diamines to enhance ani- 
onic polymerisation of unsaturated hydrocarbons such as ethylene and butadi- 
ene using organolithiums [11]. Langer, Eberhardt and Eastham reported inde- 
pendently that the reactivities of organolithium compounds were particularly 
enhanced by chelating ditertiary amines, such as TMEDA 1 or (-)-sparteine 2 
(Fig. 1) [11]. 




TMEDA 1 (-)-sparteine 2 3 4 



Fig.1. 

Studies on enantioselective transformations of Grignard reactions were re- 
ported as early as 1953 [using (2K,3K)-dimethoxybutane 3 as solvent] [12]. The 
seminal work on organolithiums in enantioselective synthesis, albeit with low 
levels of enantioinduction, was reported by Nozaki and coworkers in the late 
1960s using (-)-sparteine 2 as an added ligand in the asymmetric lithiations of 
isopropylferrocene, ethylbenzene (e.g.. Scheme 1, op = optical purity) and in al- 
lene generation from cyclopropyl carbenoids [13]. 



n-BuLi/2 

hexane 




CO2 




-30% op 



Scheme 1. 
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Enantioselective reactions using organolithiums with various additives were 
studied sporadically in the 1970s and with increasing frequency in the 1980s, 
mirroring the heightened interest in asymmetric synthesis [14]. Tomioka re- 
viewed the developing field of asymmetric synthesis utilising external chiral lig- 
ands in 1990 [15], and work by Hoppe at the end of the 1980s concerning lithia- 
tion-electrophile trapping of carbamate derivatives in very high ees led to a 
surge of interest in enantioselective processes using organolithiums. Hoppe and 
Hense reviewed enantioselective synthesis with lithium/sparteine carbanion 
pairs in 1997 [ 16] , and a recent review focused on the important topic of config- 
urational stability and transfer of stereochemical information in the reactions of 
enantioenriched organolithium reagents [17]. However, the current volume is 
the first dedicated to a comprehensive coverage of organolithiums in enantiose- 
lective synthesis. 

1.2 

Scope of Processes 

In this section an overview is provided of the use of external chiral ligands as the 
source of enantioinduction in organolithium processes, mainly in the areas of 
asymmetric additions and enantioselective deprotonations, however a few other 
significant examples will be discussed. Only selected key developments are pre- 
sented, with emphasis on important ligand classes investigated, the source of 
these ligands (often an important criteria in utility of the chemistry) and the ef- 
fect of ligand structure on the success of a process. The aim is to provide a “feel” 
for the type of reactions which have been investigated, the level of success cur- 
rently achieved and the range of ligands which have been explored to date; the 
reader is referred to subsequent chapters for detailed analyses. 

1.2.1 

Asymmetric Additions 

1 . 2 . 1.1 

Additions to C=0 

Nozaki, in his pioneering studies on ligand-assisted enantioselective lithium 
transformations, also examined the addition of BuLi to benzaldehyde (6% opti- 
cal purity) using sparteine [13]. Early studies, with marginally higher optical 
purities of alcohols, were also carried out by hanger and Whitney using 1,2- 
bis(W,W-dimethylamino)cyclohexane 4 (Fig. 1), a chiral analogue of TMEDA 1 
[11]. This ligand is available as either enantiomer from trans-l,2-diaminocy- 
clohexane via resolution using tartaric acid. Around 1980 the groups of Mukai- 
yama [18] and Cram [19] both developed chiral ligands for the addition of orga- 
nolithiums to benzaldehyde in high ee (Scheme 2, see also Goldfuss, in this vol- 
ume); the use of very low temperatures is essential to obtain high levels of asym- 
metric induction. 

Mukaiyama’s tridentate diamino alcohol 6 is derived from the coupling of two 
L-proline units followed by reduction of the ester/amide carbonyl groups; ent-6 
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Scheme 2. 



and analogues are therefore available. The reaction is quite specific for «-BuLi, 
other primary organolithiums (methyl, ethyl, propyl) gave only moderate levels 
of ee. 

Bis(binaphthylamine) ligand 7, developed by Cram, is synthesised by the cou- 
pling of two equivalents of 2,2'-bis(bromomethyl)-l,l'-dinaphthyl with 1,2-di- 
aminoethane, a subsequent (-)-dibenzoyl tartrate resolution affording both 
enantiomers of 7. As with Mukaiyama’s system, the use of other organolithiums 
in the addition gave only moderate levels of ee. 

More recently, the focus has been the development of ligands capable of in- 
ducing good levels of asymmetric induction in this type of addition under less 
rigorous experimental conditions (i.e., at -78°C), a considerable challenge for a 
process with a rapid reaction rate in the absence of ligand. 

Naef has introduced 1 -amino- 1,2-diphenylethanols (both enantiomers of the 
corresponding free amino alcohol being commercially available) as ligands for 
additions of this type; the reaction of n-BuLi with benzaldehyde in the presence 
of 8 (Fig. 2) (THF, -78°C, Ih) affording (S)-5 (Scheme 2) in 78% ee [20]. C 2 - 
Symmetric diamino diols have been used as chiral ligands to induce asymmetric 
addition of lithium acetylides to carbonyl groups [21 ] . The enantiomeric excess- 
es observed depended on the structure of the acetylene, but were up to 99% ee 
for the addition of the TBDMS ether of propargyl alcohol to benzaldehyde using 
ligand 9 (Fig. 2). 

Fort and coworkers have reported the use of BuLi-(S)-N-methyl-2 -pyrrolid- 
ine methoxide 10 for the chemo,regio- and enantioselective reaction of pyridine 
derivatives with aldehydes [22] (Scheme 3); in this chemistry the amine alkoxide 
plays a dual role in first preventing classical nucleophilic addition of BuLi onto 
the hetero aromatic ring, and secondly mediating the enantioselective addition. 



Ph Ph 

\ )~( 

>— N OH 



MezN OH 



Ph 



/ i 



Ph 



Me 



OH NMez 



Fig. 2. 
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Cl 




Scheme 3. 



i) n-BuLi - 



Me 10 



HexanefTHF, -78 °C 



ii) PhCHO 




59% yield, 58% ee 



1 . 2 . 1. 2 

Conjugate Additions 

Regioselectivity for 1,4-addition of organolithiums to a,p-unsaturated esters 
and imines can be promoted by a bulky ester/imine substitutent. Tomioka and 
coworkers initially reported asymmetric conjugate addition to a, p -unsaturated 
aldimines, where 1,2-addition is prevented by an N-cyclohexyl substituent 
(Tomioka, in this volume). Several C 2 -symmetric diether and diamino ligands 
were investigated in the addition of n-BuLi and PhLi to imine 11 (Scheme 4), di- 
ether 3 (Fig. 1 ) giving promising levels of asymmetric induction (53 % ee), whilst 
12 and 13 afforded material with very low ee (<15%) [23]. More recently, Tomi- 
oka described the rational design of diether 14 (Scheme 4), which mediates the 
addition of either MeLi or n-BuLi to imine 11 in >90% ee [24]. Diethers 3 and 12 
are derived from the corresponding diols, either enantiomer being commercial- 
ly available in both cases, similarly tetramethyldiamine 13 is prepared from the 
commercially available diamine by methylation. Diether 14 is derived from the 
corresponding trans-stilbene via asymmetric dihydroxylation. 

Tomioka has also extensively investigated conjugate 1,4-additions to a,p-un- 
saturated BHA (2,6-di-terf-butyl-4-methoxyphenyl) esters; stilbene-derived di- 




NaBH4 

MeOH 





Scheme 4. 
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PhLi/14 



toluene 

-45 



Oc^OBHA 




OB HA 




PhLi/14 



toluene 
-45 *^0 




Scheme 5. 



14/eq. 


yield(%) 


ee(%) 


1.1 


80 


84 


0.2 


76 


75 



14/eq. 


yield (%) 


ee{%) 


1.1 


54 


90 


0.2 


78 


70 




ether 14 again mediating the asymmetric addition of PhLi in high ee. In a further 
development, reduction of the amount of ligand used to substoichiometric 
quantities continued to afford good levels of asymmetric induction (Scheme 5) 
[25]. 

Comparison of diether 14 and (-)-sparteine 2 reveal that they are comple- 
mentary to each other, with 14 giving the best levels of asymmetric induction 
(up to 93% ee) for phenyl- and vinyllithium, whilst (-)-sparteine gives the best 
results for butyl- and ethyllithium [26], 

1 . 2 . 1.3 

Additions to Imines 

The first report of an external chiral ligand-mediated enantioselective addition 
of an organolithium reagent to an imine appeared in 1990 (Tomioka, in this vol- 
ume) [27]. Tomioka and coworkers found that 1,2-addition of MeLi, n-BuLi and 
vinyllithium to the 4-methoxyphenylimine of benzaldehyde 15 gave, in the pres- 
ence of tridentate aminoether 16, the corresponding tertiary amines 17 in excel- 
lent yields and good ees (71-77%) (Scheme 6). 

Ligand 16, derived from L-phenylalanine, is recovered quantitatively from the 
reaction following chromatography, and can also be used in substoichiometric 
quantities: ees of 40-64% being observed when 5-30mol% of 16 was utilised 
[28]. 

In 1994 Denmark and coworkers reported a major advance in the asymmetric 
addition of organolithium reagents to imines using bisoxazolines as ligands 
(e.g., 19, Scheme 7); excellent yields and high levels of ee were observed [29, 30] . 
C 2 -Symmetric bisoxazolines have been widely used as ligands in asymmetric 




16 



RLi, toluene, -100 °C 





Scheme 6. 
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toluene, -63 °C 

Scheme 7. 

synthesis (although Denmark was the first to demonstrate their utility in enan- 
tioselective organolithium chemistry), and their C4/4' and linking substituents 
are easily varied depending on the precursor amino acid/alcohol and substitut- 
ed malonic acid used; thus both enantiomeric forms and numerous analogues 
are available. In Denmark’s work, the ligand substitution pattern is partly de- 
signed to avoid addition of organolithium to the oxazoline C=N bond. 

Whilst the addition of both n-BuLi and PhLi was achieved in only moderate 
levels of enantiomeric excess, the reaction of both MeLi and vinyllithium afford- 
ed the corresponding amines in excellent yield and high ee. The use of (-)- 
sparteine 2 was also investigated as a comparison in this reaction, high levels of 
enantiomeric excess (72-82%) being observed with MeLi, n-BuLi and PhLi. As 
the non-ligand-mediated background reaction between imine 18 and MeLi is 
very slow in toluene (6% yield of 20 after 4h at -78°C) the potential for catalytic 
use of the bisoxazolines in this ligand-accelerated process was investigated. The 
addition of MeLi, n-BuLi and vinyllithium to various imines was found to pro- 
ceed in only slightly reduced levels of asymmetric induction when only 20 mol % 
of the bisoxazoline ligands were used compared to when stoichiometric quanti- 
ties were used. However, the use of catalytic quantities of (-)-sparteine resulted 
in significantly lower levels of enantioinduction. 

More recently, Andersson and Tanner have developed C 2 -symmetric bisaziri- 
dine ligands for the enantioselective addition of organolithium reagents to imi- 
nes. The synthesis of these ligands is not trivial, requiring at least nine steps 
from commercial materials (the chirality being introduced by asymmetric dihy- 
droxylation). A number of these ligands (e.g., 22) were examined in the addition 
of MeLi, n-BuLi and vinyllithium to imine 21, the resulting amines 23 being ob- 
tained in 6-89% ee (Scheme 8) [31]. 

1 . 2 . 1. 4 

Other Additions 

In 1992 Tomioka and coworkers reported catalytic enantioselective nucleophilic 
aromatic substitution giving binaphthyls in high ee. Chiral diether 14 was used 
to mediate the reaction between naphthyllithium and naphthylimines, the re- 
sulting binaphthyls being obtained in up to 90% ee (Scheme 9) [32]. 

The asymmetric ring opening of oxabicylic compounds has been extensively 
investigated, principally by Tautens, the processes proceeding with a variety of 
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Ph 




RLi (2 equiv.) 
toluene, -78 °C 



Scheme 8. 




X = MeO, EtO, F 
R = c-C6Hii,2,6-/-PrPh 




up to 90% ee 



Scheme 9. 



organometallic species in the presence of transition metal complexes. In 1993 
the use of an organolithium reagent in the presence of a chiral ligand was used 
to successfully perform such an enantioselective ring-opening reaction 
(Scheme 10). Of the ligands investigated in this reaction, catalytic quantities 
(ISmol %) of (-)-sparteine gave the highest levels of induction (52% ee), where- 
as diamines 13 and 24 afforded cycloheptenol in only 4% and 20% ee, respec- 
tively [33]. 

Enantioselective carbolithiation of simple alkenes using sparteine, has been 
developed following the seminal disclosure in 1995 by Normant and coworkers 
(Normant, in this volume) [34]. The efficiency of the catalytic process, using as 
little as 1 % (-)-sparteine 2, is noteworthy for an organolithium transformation 
(Scheme 11). 

Kiindig and co-workers have reported the regio- and enantioselective addi- 
tion of alkyl-, vinyl- and aryllithium reagents to a prochiral arene-Cr(CO )3 com- 
plex in the presence of chiral ligands [35]. (-)-Sparteine 2 and three di(methyl 
ether) ligands (the source of ligands 3 and 14 was discussed above, 26 is derived 




n-BuLi/ligand 

pentane/hexane 



OTBDMS 




Ph Ph 

w 



MeN^NMe 



24 



Scheme 10. 
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n-BuLi/2 



hexane 



Ph Bu 
RX 




XR = OH, NM 62 

Scheme 11. 



from fra«5-cyclopentane diol - commercially available as either enantiomer) 
were screened in the addition of MeLi, n-BuLi, vinyllithium and PhLi to arene 
complex 25 (Scheme 12). (-)-Sparteine 2 gave only moderate levels of ee (34- 
54%), 3 only afforded high levels of asymmetric induction in conjunction with 
PhLi (81 % ee), cyclic diether 26 gave >80% ee for the addition of both MeLi and 
PhLi, whilst stilbene-derived 14 gave the best overall results (65-90% ee). 

Enantioselective additions of organolithiums to epoxides, oxetanes and cyclic 
acetals, have been reported by Tomioka, Alexakis and Muller; during these stud- 
ies the compatibility of BF 3 -Et 20 , to assist ring-openings, with sparteine was 
demonstrated [36]. 




25 

Scheme 12. 




26 



1.2.2 

Enantioselective Transformations via Deprotonation 

In contrast to the range of ligands successfully influencing asymmetric addi- 
tions of organolithium reagents, the use of organolithium/ligand combinations 
to effect enantioselective transformations via deprotonation has mainly focused 
on the use of (-)-sparteine 2 [16]; bisoxazoline ligands have also been effective 
in some specific reaction classes. 

The origin of asymmetric induction maybe either (a) an initial enantioselec- 
tive deprotonation to give a configurationally stable organolithium (often a “sat- 
urated” carbanion a to N or O) which reacts stereospecifically with an elec- 
trophile, or (b) formation of a configurationally unstable organolithium (often 
benzylic or allylic) which, if interconversion is rapid or slow relative to elec- 
trophile trapping, can generate enantioenriched product via dynamic kinetic 
resolution, or via dynamic thermodynamic resolution, respectively [17]. These 
issues are discussed in more detail in the following chapters, especially that of 
Torn and Nakamura, in this volume. 
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1 . 2 . 2.1 

CarbanionsatoO 

Enantioselective synthesis by lithiation adjacent to O and electrophile incorpo- 
ration (Hoppe, in this volume) has been dominated by the studies of Hoppe us- 
ing carbamates (e.g., Scheme 13). 

R ligand R ^ ii)H 3 o!cH 2 N 2 R^^OCby 

27 28 

(~)-sparteine: 73% yield, 98% ee 
4 : 81% yield, 26% ee 
28; 0% yield 

Scheme 13. 

Hoppe has concentrated almost exclusively on the use of (-)-sparteine 2 as lig- 
and in these transformations (generally high enantioinduction is observed). How- 
ever, the C 2 -symmetric lupine alkaloid (-)-a-isosparteine 28 was briefly investi- 
gated by Zschage and Hoppe in 1992 as an alternative to (-)-sparteine as a chiral 
ligand in the BuLi-mediated deprotonation of an allylic carbamate where, follow- 
ing transmetallation with Ti(Oi-Pr )4 and reaction with butanal, it induced 16% ee 
[(-)-sparteine 2 gave 31% ee] in the resultant homoallylic alcohol [37]. (-)-a-Iso- 
sparteine 28 occurs naturally and is available commercially, albeit in milhgram 
quantities [38]. It can be prepared by AlClj-promoted isomerisation of (-)- 
sparteine 2 [39] and may additionally be dried as a solution in ether over CaH 2 pri- 
or to use [40] , or alternatively by the use of an additional equivalent of RLi on the 
monohydrate (which binds water much more tightly than sparteine 2) in situ [41 ] . 

More recently, Hoppe has also compared (-)-sparteine 2 with (-)-a-iso- 
sparteine 28 and iM,N,iM',JV'-tetramethyldiamine 4 in the enantioselective depro- 
tonation of alkyl carbamates. It was found that a-isosparteine 28 does not sup- 
port the deprotonation of alkyl carbamates at all, whereas 4 generally gave lower 
levels of ee (Scheme 13) compared with sparteine [42]. However, the “slimmer” 
ligand 4 facilitated enantioselective deprotonation of hindered carbamate 27 (R 
= f-Bu) in 79% ee, whereas (-)-sparteine 2 failed to effect deprotonation; a del- 
icate balance in the steric demand of the CH-acid (alkyl carbamate) and the in- 
ducing diamine therefore determines the success of the deprotonation. Quan- 
tum-chemical calculations (PM3, ab initio methods) on several models for the 
competing diastereomeric transition states of the deprotonation under the influ- 
ence of 2 were found to reflect well the sense and the magnitude of the experi- 
mentally observed chiral induction. 

As discussed more fully in Hodgson et al, in this volume, enantioselective 
Wittig rearrangements initiated by deprotonation a to O using organolithiums 
were first investigated by Mazaleyrat in 1983, who reported the kinetic resolu- 
tion of a racemic binaphthyl either via [1,2] -Wittig rearrangement using 
sparteine 2, albeit in modest ee [43] ; more recently bisoxazoline ligands (e.g., 19, 
Scheme 7) have been used with success in [1,2]-Wittig rearrangements (up to 
62% ee), including catalytic processes [44]. Organolithiums in enantioselective 
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Me Ph 
MejN O 

MeO 
29 

n-BuLi, toluene 



c-Hex^= — \ n-BuLi/29 

O - 

c-Hex — ^ ^ toluene 

Scheme 14. 

[2,3] -Wittig rearrangements were first examined by Kang and coworkers in 1994 
using sparteine 2, and a-isosparteine 28 [40], A rare example of the use of lig- 
ands other than sparteines and bisoxazolines in enantioselective deprotonation 
is found in the [2,3] -sigmatropic rearrangement work of Manabe using the tri- 
dentate pseudonorephedrine-derived ligand 29 (Scheme 14) [45]. 

More recently, bisoxazolines were studied as ligands in [2,3] -Wittig rear- 
rangements (up to 89% ee) [46]; these ligands were also effective in a catalytic 
manner [47] . Bisoxazoline 30 provides remarkably high enantioselectivity in the 
benzylic lithiation-electrophile trapping reactions of benzyl methyl ether, iso- 
chroman and phthalan (up to 97% ee) (e.g., Scheme 15) [48]. 




51% yield, 62% ee 



c-Hex 




Ph 






1) [2,3] 



2) H3O 



Ph 



HO— ( 68% yield 

^ 40% ee 




ii) CO2 



Scheme 15. 




CO2H 

75% yield, 89% ee 



As discussed in Hodgson et al, in this volume, transformations of achiral 
epoxides based on enantioselective a-deprotonation have been extensively stud- 
ied by Hodgson and coworkers since 1996 [49, 50]; ligands used were (-)- 
sparteine 2 [49], (-)-a-isosparteine 28 and (usually less effectively) bisoxazo- 
lines (e.g., 30), with the bisoxazoline study [51] being the first report of such lig- 
ands in an enantioselective deprotonation. 



1.2.2.2 

CarbanionsatoN 



Beak and coworkers carried out the seminal (and much of the subsequent) stud- 
ies on the use of organolithiums in enantioselective synthesis via lithiocarban- 
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ions a to N (Beak, in this volume) [16, 17, 52, 53]. The first example of this type 
was reported in 1991: the enantioselective deprotonation of Boc-pyrrolidine 31 
by s-BuLi-(-)-sparteine 2 was found to proceed at -78°C in ether with a high de- 
gree of selectivity (94% ee) for removal of the pro-S hydrogen of 31 to give 32, 
which could be trapped with a range of electrophiles (e.g.. Scheme 16). 





s-BuLi/ligand 




TMSCI 




EtaO, -78 °C 




Boc 


Boc 




Boc 


31 




32 




33 



Scheme 16. 



The enantioselective deprotonation of Boc-pyrrolidine 31 is probably the 
most studied example of an organolithium/ligand enantioselective deprotona- 
tion. As Beak has nicely summarised [54]: “The kinetics of the deprotonation are 
consistent with formation of a thermodynamically favourable three-component 
complex of alkyllithium, sparteine 2, and 31 prior to a rate-determining transfer 
of the pro-S H to the complexed i-PrLi. Computational results indicate that the 
origin of the enantioselectivity observed for the deprotonation is largely a steric 
phenomenon [55]. The most stable complex, that leading to transfer of the pro- 
S hydrogen of 31, also has the lowest activation energy for lithiation; an analo- 
gous but less stable complex, leading to transfer of the pro-i? hydrogen of 31, is 
more congested and a number of the steric interactions responsible for the high- 
er ground-state energy of this complex persist in the transition state for proton 
transfer. The relatively large difference in the transition state energies calculated 
for removal of the pro-J? and pro-S hydrogens of 31 (AAHt = 4.5kcal/mol, AAG| 
=3.2kcal/mol) are fully consonant with the highly enantioselective character of 
the process.”^^ 

A recent example of enantioselective synthesis via lithiocarbanions a to N is 
found in the work of Voyer et al [56], which allows access to N-Boc protected 
phenylglycines (Scheme 17). 



Ph NBoc s-BuLi/2, -78 °C 
SiRa ' 

R = Me, /-Pr 



Li 

Ph'^NBoc 

SiRa 



i) CO2 

ii) HaO* 



CO2H 

Ph'^NHBoc 



7 - 86% yield 
5 - 99% ee 



SiRa 

i) -78 °C to 0 °C, 1 h I 51 - 80% yield 

Ph NBoc 30-72%ee 

ii) H3O H 



Scheme 17. 



1 Excepted with permission from J. Am. Chem. Soc. 2002, 124, 1889-1896. Copyright 2002 
American Chemical Society. 
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1 . 2 . 2.3 

Carbanions a to S or P 

Organolithium-induced deprotonation a to sulfur (Toru, in this volume) and 
subsequent formation of enantio enriched products in an enantioselective man- 
ner has utilised sparteine 2 but, notably, bisoxazo lines were found by Toru to be 
significantly more effective in asymmetric substitution reactions of primary a- 
sulfenyl carbanions (up to 99% ee) (Scheme 18) [57,58]. 



i) n-BuLi, chiral ligand 
pi^^S^SnBu 3 cumene, -78 °C 

Ph 

II) PhjCO 




2: 93% yield, 8% ee 
4: 8% yield, 10% ee 
34: 79% yield, 99% ee 



Scheme 18. 



Discrimination between enantiotopic alkyl groups in a phosphine by depro- 
tonation a to phosphorous using organolithium reagents was probably first 
achieved by Raston and White with PhPMe 2 and BuLi/sparteine, since X-ray 
analysis of the so-formed lithiated phosphine/sparteine complex (40%) indicat- 
ed that it was composed of homochiral dimers; electrophile trapping was unsuc- 
cessful, however [59]. Activation at phosphorus, for example by oxidation or 
complexation, assists a-deprotonation. PhMe 2 P =0 underwent reaction with 
BuLi/sparteine followed by addition of EtI to give PhMePrP=0 in 14% optical 
purity [59]. Efficient enantioselection between alkyl groups in phosphine-bo- 
rane complexes (Toru, in this volume) was first reported by Evans in 1995 [60]; 
BuLi-sparteine is the favoured base-ligand combination (up to 99% ee). 

1 . 2 . 2.4 

Planar Chiral Compounds 

Although early studies by Nozaki examined (-)-sparteine 2 in the asymmetric 
lithiation of isopropylferrocene (as noted in Sect. 1.1 above), the first enantiose- 
lective generation of planar chirality in good ees using an organolithium (Clay- 
don, in this volume) was reported by Uemura in 1994 in the lithiation of tricar- 
bonyl(q®-phenyl carbamate)chromium complexes using chiral diamines. After 
quenching with electrophiles, enantioenriched (o-substituted phenyl car- 
bamate)chromium complexes were obtained in up to 82% ee (Scheme 19) [61]. 




i) n-BuLi, 
chiral diamine, 
toluene 



ii) DMF 




tr(CO )3 



2: 17% ee 
4: 59% ee 
13: 72% ee 




36% ee 9% ee 



Scheme 19. 
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Related chemistry has been reported by Snieckus using ferrocene-carboxam- 
ides with sparteine as additive, giving planar chiral adducts in excellent ees (up 
to 99%) [62]. 

1.3 

Sparteine and Other Diamine Ligand Availability 

(-)-Sparteine 2 is commercially available in large quantities by extraction from 
certain papilionaceous plants (e.g., Scotch broom), and usually can be readily 
recycled for further reactions by acid-base extraction. These beneficial factors 
all contribute to (-)-sparteine’s popularity as a chiral diamine ligand in asym- 
metric synthesis. From the examples discussed above (-)-sparteine can clearly 
be seen to have been the most widely used, and generally most successful (espe- 
cially in deprotonations) external chiral ligand in combination with organolith- 
iums. Indeed, it is remarkable that this alkaloid effects such a wide range of 
enantioselective transformations using organolithiums and also other organo- 
metallics, such as Grignards [63] and in organopalladium chemistry [64,65]. 

Nevertheless, there are two important issues that can arise following the use 
of sparteine in any particular transformation. Firstly, although (-i-)-sparteine 
also occurs naturally it is much less easily obtained and so for a specific applica- 
tion if (-)-sparteine leads to the undesired enantiomer, then it is currently diffi- 
cult, even despite an impressive recent total synthesis of (-i-)-sparteine [66], to 
find a substitute for (-)-sparteine that will allow access to the desired enanti- 
omer. A recent example is found in work by Clarke and Travers towards insecti- 
cidal 4-alkynyloxazolines, which used a novel sparteine-mediated enantioselec- 
tive deprotonation-alkylation of propargylic amide systems (Scheme 20), and 
unfortunately did not lead to the biologically relevant enantiomer [67]. 

It should be noted that there are a few specific examples where (-)-sparteine 
can be used to generate either product-type enantiomer; for example via trans- 
metallation [17, 53], the use of electrophiles with different leaving groups [68], 
double lithiation in the generation of planar chirality [69] , or a solvent switch [70] . 

Opposite enantioselectivity was also observed between N,N-diisopropyl-o-al- 
lyloxymethylbenzamide and Nd^I-diethyl-o-allyloxymethylbenzamide in (-)- 
sparteine-mediated enantioselective [2,3]-Wittig rearrangements [71]. A related 




Scheme 20. 
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example is found in the formal synthesis of both enantiomers of curcuphenol, 
where high and opposite enantiodiscriminations were observed between terti- 
ary amides and secondary amides in the sparteine-mediated lateral lithiation- 
allylation of 2-ethyl-ra-toluamide derivatives (Scheme 21) [72]. 



o 

i) n-BuLi/2, pentane, -78 °C 

nkr ^ 

ii) allyl chloride 

R = R' = /-Pr 
R = H, R' = oct 

Scheme 21. 




78% yield, 71% ee ► R-{-)-curcuphenol 

56% yield, 70% ee ► S-(+)-curcuphenol 




A second key issue with the use of sparteine concerns modification/simplifi- 
cation of the sparteine skeleton to improve ees (if required), and/or to attempt 
to evaluate the factors which influence enantioselectivity. An increasing number 
of studies have sought to address these important issues and have often used the 
deprotonation of Boc-pyrrolidine as a test case. This case is also useful for assay- 
ing the utility of ligands, since almost no lithiation occurs in the absence of a di- 
amine. Beak conducted a screen of numerous other ligands in combination with 
s-BuLi in the asymmetric deprotonation of Boc-pyrrolidine 31 (Scheme 16), 
however only those compounds closely analogous to (-)-sparteine gave any- 
thing close to the same levels of asymmetric induction [73]. (-)-a-Isosparteine 
28 was found to be a poor ligand using s-BuLi in ether [10% yield and 61 % ee, 
compared with 87% yield and 96% ee using (-)-sparteine 2]. In contrast, s-Bu- 
Li/N,hl,iV,N'-tetramethylcyclohexanediamine 4, gave excellent conversion 
(~90%) in the deprotonation /electrophilic trapping (TMSCl) of Boc-pyrrolid- 
ine, but the product was racemic [73]. Bispidines (e.g., 35, Fig. 3) containing the 
core 3,7-diazabicyclo[3.3.1]nonane ring system of (-)-sparteine proved to be 
reasonable sparteine mimics, {R)-33 being obtained in up to 75% ee (following 
addition of TMSCl to the 2-lithiated intermediate 32) [73]. The bispidines exam- 
ined by Beak were prepared via a double Mannich reaction of N-methyl-4-pip- 
eridone with enantiomerically pure amines and a subsequent Wolff-Kishner re- 
duction. 

Kozlowski has studied lithiation of N-Boc pyrrolidine (cf. Scheme 16) using 
racemic 1,5-diaza-ds-decalins (e.g., 36 and 37, Fig. 3), and found that for 36 the 
ligands with the smallest most electron rich R groups (Me>Et>CH 2 f- 
Bu>CH 2 CF 3 =Bn) were most effective [74, 75]. The ready availability of both 




35 

Fig. 3. 



? H 




J. H 



H I 



37 




36 



38 
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enantiomers of the 1,5-diaza-cfs-decalins and the ability to tune steric and elec- 
tronic properties renders these compounds an attractive new class of diamine 
ligands. Although, the use of resolved forms of the optimal ligands {R,R)-56 (R= 
Me) and 3,7 -dimethyl derivative 37 in this reaction led to disappointingly low se- 
lectivity (12% and 18% ee, respectively), higher ees (45 and 60%, respectively) 
were observed in lateral lithiations. 

O’Brien has also developed bispidine ligands and examined them in this re- 
action, his approach involving building up the racemic core piperidone via the 
double Mannich reaction and then attempting to resolve the final ligand. Bispi- 
dine 38 (Fig. 3), prepared in 55% ee by partial resolution, gave silylated pyrroli- 
dine 33 (Scheme 16) in 53 % ee, but in only 41 % yield [76] . However, if a ligand 
of this type can be prepared as either pure enantiomer, and there is a linear cor- 
relation of product and ligand ee, then this ligand class may provide a long- 
sought solution to some of the above issues. 

2 

Lithium Amides 

Chiral lithium amides/alkoxides have been extensively investigated in a number 
of valuable asymmetric processes (e.g., diastereoselective additions, chiral eno- 
late formation, enantioselective eliminations) [77-80]. However, since the cur- 
rent volume is concerned with organolithium chemistry, only representative ex- 
amples of the (much more restricted) use of lithium amides that result in the for- 
mation of enantioenriched organolithiums leading to enantioenriched products 
are highlighted here. Because of their weaker thermodynamic basicity compared 
with alkyllithiums, the use of lithium amides to generate organolithiums is usu- 
ally restricted to carbon acids which have pKa values in the upper 30s or better. 

For those carbon acids having pKa values in the upper 30s, unfavourable equi- 
libria in the deprotonation imply that if reaction is to proceed satisfactorily in 
the forward direction, the resultant organolithium must either undergo a rear- 
rangement, or be trapped out by an external electrophile present in situ (the 
electrophile therefore requiring compatibility with the lithium amide on the re- 
action timescale). 

The first examples of chiral lithium amides to be used to generate a chiral or- 
ganolithium species were reported by Marshall in 1987 [81] in his pioneering 
work into [2,3]-sigmatropic rearrangements (Hodgson et al, in this volume) for 
which the lithium amide 39 (Fig. 4) was used (up to 60% ee); the amine precur- 
sors to both 39 and ent-39 are commercially available. 



Me Me 

Ph^N'^Ph 

Li 



39 




Ph Ph 




) — \ 

NLi UN 





Li 



R = Bn, ;-Pr, cHex 



Fig. 4. 



40 



41 



42 
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39, Et20 
0 °C to 25 °C 

Scheme 22. 






73% yield, 49% ee 



A more recent example of chiral lithium amide-induced enantioselective de- 
protonation-rearrangement is the conversion of exo-norbornene oxide to nor- 
tricyclanol which proceeds via the lithiated epoxide 43 (Scheme 22) [82]. 

a-Sulfonyl and sulfinyl carbanions have been generated using chiral bases 40 
and 41 and reacted with electrophiles in up to 64 and 88% ee, respectively (Torn, 
in this volume) [80, 83-85] . meso-Phospholene oxides undergo deprotonation a 
to phosphorus with chiral lithium amide 39, followed by electrophile trapping, 
in up to 92% ee [86]. 

Cr(CO) 3 -complexed benzylic ethers and sulfides are acidic enough to under- 
go lithium amide deprotonation, a to the heteroatom, followed by electrophile 
trapping; the more elaborate base 41 [prepared via the addition of PhMgCl to the 
enantiomerically pure bis-imine derived from glyoxal and (i?)-a-methylben- 
zylamine] usually giving the best ees (up to 97%), e.g.. Scheme 23 [87] . 

E 



Scheme 23. 





The synthesis of an enantiomerically enriched chromium complex via asym- 
metric lithiation of a prochiral tricarbonyl(ri^-arene)chromium complex using 
a chiral lithium amide base was first demonstrated in 1994 by Simpkins [88]. 
Arene complex 44 was treated with C 2 -symmetric chiral base ent-39 in the pres- 
ence of TMSCl as an internal quench and silylated complex 45 was obtained in 
84% ee (Scheme 24). 



OMe 




Cr(CO )3 



ent-39, TMSCl 
THE, -78 °C 



OMe 




Cr(CO )3 



83% yield, 
84% ee 



44 



45 



Scheme 24. 



Investigation of other lithium amides in this process (40, 42; Fig. 4) gave only 
moderate (<60% ee) levels of enantioselectivity [89]. 

Using camphor-derived chiral lithium amide 40, the tricarbonylchromium 
complexes of phenyl carbamates could be ortho-deprotonated with good levels 
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Scheme 25. 



of enantioselectivity, a range of external electrophiles being successful in the re- 
action (Scheme 25, up to 81% ee) [90], 

Kiindig has examined a number of chiral lithium amides (Fig. 5) in this proc- 
ess (quenching with TMSCl), with no improvement in enantioselectivity ob- 
served compared with using 40 [91], 



Ph 










Li 



R = Bn, CH 2 CF 3 



Fig. 5. 



Note added in proof. O’Brien has now obtained bispidine ligand 38 (Fig. 3) from (-)-cytisine 
in 3 steps and demonstrated that it function as a readily accessible (-i-)-sparteine surrogate; in 
most processes, the stereoselectivity of reactions with ligand 38 are comparable to those with 
(-)-sparteine as a ligand [92]. Imino Diels-Alder reactions have been investigated as a new 
route to sparteine analogs, and diamines 38 and epi-38 prepared by this methodology have 
been examined in the lithiation on W-Boc-pyrrolidine [93]. 
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Chiral, non-racemic ligands and additives implement enantioselective additions of organo- 
lithiums to C=0 functions of carbonyl compounds (i.e., aldehydes and ketones) or enantiose- 
lective cleavages of C-0 units in strained ethers (i.e., epoxides and oxetanes) as well as in 
acetals. The achievement of high enantioselectivities is desirable and hence factors controlling 
these enantioselectivities are subjects of intensive research. Beneficial external influences on 
enantioselectivity are given by low temperature, suitable solvents (e.g., dimethoxymethane, 
dimethyl ether) and the exclusion of salt impurities. The formation of mixed anionic aggre- 
gates from in situ lithiated ligands and the organolithium reagents enables especially efficient 
chiral modifications. In some cases such mixed aggregates can be identified and studied struc- 
turally. The improved understanding of the nature of chiral organolithium aggregates pro- 
vides the way to a more rational design of new enantioselective organolithium reagents. 

Keywords. Enantioselectivity, Organolithiums, Chiral ligands. Carbonyl compounds. Strained 
ethers. Acetals 
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1 

Introduction 

In this section we will cover the chiral ligand-mediated enantioselective cleavag- 
es of n- or o-C-0 bonds, which proceed via additions of organolithiums to car- 
bonyl compounds, i.e., aldehydes and ketones, to strained cyclic ethers, i.e.. 
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epoxides and oxetanes, as well as to acetals. In one addition step, the formation 
of new C-C bonds and new stereocenters are established, which makes these re- 
actions very attractive synthetically [1-3] 

Due to the electropositive character of lithium, organolithiums [4] are some- 
times regarded as “carbanions”. It should be considered however that they are 
“free carbanions” in only a few cases in the condensed phase (e.g., solvent sepa- 
rated ion pairs in highly polar media, strong lithium ion coordination by crown 
ethers or cryptands) [5] . Since the lithium counterion plays also an eminent role 
for the reactivity and selectivity, organolithiums should be regarded as (highly) 
polar organometallics rather than as “carbanions” [6,7]. 

To achieve high enantioselectivities, the organolithium reagent should be 
tightly coordinated by the chiral ligand during the enantioselective step of the C- 
C bond formation. Competing background additions without enantiopure addi- 
tives, yielding racemic products, should be avoided. In some cases good enanti- 
oselectivities are observed even with sub-stoichiometric or catalytic amounts of 
chiral additives. For such catalytic enantioselective applications, 

(a) the ligand modified system apparently exhibits a higher reactivity than the 
ligand free system, 

(b) this chiral additive should be readily detached from the product and reenter 
the catalytic cycle, and 

(c) the ligand structure should efficiently differentiate the two diastereomeric 
transition states [8, 9]. 

Prior to organolithiums, Grignard reagents were employed in enantioselective 
additions to aldehydes and ketones [10], and the influence of chiral solvents such 
as 2,3-dimethoxybutane [11, 12] or 2-methyltetrahydrofuran [13] was studied. 
Nowadays, organolithium chemistry shows very dynamic growth, and organo- 
lithiums are well-established precious reagents for organic syntheses [14-16]. 



2 

Additions to Aldehydes 



Enantioselective additions of organolithiums to aldehydes are employed to syn- 
thesize chiral secondary alcohols, but these reactions are also quite frequently 
used for testing new chiral ligands and additives. The latter is usually performed 
with the standard addition of organolithium reagent [RLi, in many cases n- 
butyllithium, n-BuLi) to benzaldehyde [Eq. (1)], denotes a chiral ligand] [9, 
15,17-19]. 




H OH 
Ph^R 



( 1 ) 



Enantioselective additions of lithium enolates to aldehydes forming aldols ((3- 
hydroxyaldehydes) are synthetically well established and have been reviewed 
elsewhere [20] . A catalytic variant, the Mukaiyma aldol reaction, i.e., the addition 
of silyl enol ethers to aldehydes, is usually mediated by chiral Lewis acids [21,22]. 

In 1968, Nozaki et al. performed the first enantioselective addition with n- 
BuLi according to Eq. (1) [23,24]. To an equimolar mixture of «-BuLi and (-)- 
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Scheme 1. Chiral ligands, the enantioselectivities refer to Eq. (1 ), R=m-Bu 



sparteine (1, Scheme 1), benzaldehyde was added in hexane at -70°C. (+)-l- 
Phenyl-l-pentanol was isolated from this reaction in 6% optical purity (op). 

In 1969, Seebach et al. employed mixtures of n-pentane and the tartrate de- 
rivative l,4-bis(dimethylamino)-2,3-dimethoxybutane (2) as a chiral co-solvent 
in «-BuLi additions to PhCHO [25]. They obtained 1 -phenyl- 1-pentanol in up to 
33 % optical purity at -130°C and achieved higher enantioselectivities than with 
hexane/sparteine or hexane/2, 3-dimethoxybutane mixtures under similar con- 
ditions. After further systematic studies [26-28], Seebach et al. showed that two 
equivalents of the polydentate amino ether ligand 3 yield an optical purity of 
52% (-78°C, pentane) while a 1:1 ratio gives only 38% ee [29]. 

In 1978 Mukaiyama et al. reported 72% optical purity of (-)-(S)-l-phenyl-l- 
pentanol obtained from addition of /i-BuLi to PhCHO using the (S)-proline-de- 
rived bispyrrolidine alcohol 4 [30]. The reaction was performed with a ratio of 
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protic chiral additive 4;n-BuLi:PhCHO of 4.05:6.75:1.0 in benzene at -123°C. As 
the 0-methylated derivative of 4 gave a lower optical purity (14%) than 4, it was 
suggested that the free hydroxy function and the resulting in situ formed lithium 
alkoxide unit are essential for high enantioselectivity. The optical purity for this 
reaction was even improved to 95% by employing a 1:1 mixture of dimeth- 
oxymethane (Me0CH20Me) and dimethyl ether (Me20) as solvent at -123°C 
[31, 32]. The addition of lithium trimethylsilylacetylide to aliphatic aldehydes 
was performed with 4 in good enantioselectivities (40-80 % optical purity) [33]. 
Johnson et al. employed Mukaiyama’s ligand 4 for an enantio selective step in a 
corticoid synthesis in 90% ee by adding a lithium acetylide to an aliphatic alde- 
hyde [34]. 

Mazaleyrat and Cram achieved 95% optical purity of (-l-)-(i?)-l -phenyl- 1- 
pentanol using the (i?,J?) -binaphthylamine 5 with n-BuLi and PhCHO at a rea- 
gent ratio of 5.0:4.4:1.2 at -120°C in diethyl ether [35]. For a ratio of 3. 6:3.4: 1.2 
they observed only 59% optical purity of the formed (J?)-l-phenyl-l-pentanol. 

Eleveld and Hogeveen employed the benzylamine 6 (respectively its f/-lithi- 
ated derivative) with n-BuLi and PhCHO in a ratio of 4.0:2. 7:1.0. The (-)-(S)-l- 
phenyl-l-pentanol product was obtained in 90% optical purity using a 1:1 mix- 
ture of dimethyoxymethane and dimethyl ether at -120°C [36]. Toluene as sol- 
vent decreased the optical purity of the product drastically to 18%. However, re- 
investigations of this experiment with chiral gas chromatographic analyses rath- 
er than optical rotation analyses gave only 72% ee [37]. 

WhiteselTs aprotic pyrrolidine ligand (-)-7 was found to yield with n-BuLi 
and PhCHO in a ratio of 1.6: 1.3:1. 2 only 17% optical purity of (-l-)-(J?)-l-phenyl- 
1-pentanol (inpentane at -78°C) [38]. Similar enantioselectivities (19% op) 
were obtained with methyllithium, while the Grignard reagent MeMgCl gave no 
optical induction. 

Colombo et al. tested the hydroxypyrrolidine 8 as well as its 0-methylated de- 
rivative with n-BuLi and PhCHO in a ratio of 3:2:1 [39]. In analogy to Mukaiya- 
ma’s results, protic 8 gave in dimethoxym ethane a higher optical purity [36% of 
(i?)-l -phenyl- 1-pentanol] than its aprotic dimethyl ether derivative in hexane 
[15% of (S)-l-phenyl-l-pentanol]. Salt impurities (e.g., Lil, LiC 104 ) were found 
to decrease the enantioselectivities. 

Alberts and Wynberg studied the addition of ethyllithium to PhCHO, medi- 
ated by the lithiated product (J?)-l -phenyl- l-propanol-dj [40]. The (J?)-l-phe- 
nyl-1 -propanol enantiomer was formed in 17% enantiomeric excess in the reac- 
tion. For this asymmetric induction rendered by the product, the authors coined 
the expression “enantioselective autoinduction”. It was suggested that the for- 
mation of mixed aggregates consisting of the labeled chiral mediator and the or- 
ganolithium reagent “influences the stereochemistry of subsequent C-C bond 
formation” [41]. 

Jackman’s group performed enantioselective additions of RLi (R=Me, n-Bu) 
to PhCHO, mediated by a series of chiral lithium alkoxides [42]. The highest 
enantioselectivities were achieved with the lithiated ephedrine derivative 
{lR,2S)-9 with n-BuLi and PhCHO in a ratio of 0.3:0.15:0.1 with 75% ee (GC) of 
(S)-l -phenyl- 1-pentanol in THF at -78°C. An analysis during the course of ad- 
dition showed that no “enantioselective autoinduction” [40] by the chiral prod- 
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uct occurred. After addition of liCl or LiCl 04 to the reaction mixtures, a de- 
crease of enantioselectivity was observed. This was pointing to the formation of 
achiral mixed anionic halide aggregates, which give rise to racemic products. 

Kang et al. performed enantioselective additions of 2-lithio-l,3-dithiane to 
aldehydes mediated by stoichiometric amounts of isosparteine and achieved up 
to 70% ee for PhCHO as substrate in diethyl ether at -78°C [43]. 

Duhamel’s group employed 3-aminopyrrolidine derivatives and obtained 
with 10 enantioselectivities of up to 73% in n-BuLi additions to o-tolualdehyde 
[ratio: 1.5:2. 5:1. 0,in THF at -78°C,(f?) -configured product] [44]. Structural var- 
iations of the ligands were performed to elucidate the basis for the observed 
enantioselectivities [45]. 

Schon and Naef tested a variety of 2-aminoalcohols according to Eq. (1) and 
achieved the highest selectivities with the lithiated amino alcohol 11 [82% ee, 
(S)-l-phenyl-l-pentanol, 1:1:1 ratio] in THF at -78°C [46]. More equivalents of 
11 (e.g., a ratio of 4:1:1) had no significant influence on the enantioselectivity. 

Knollmuller et al. tested seven camphor-derived 1,4-amino alcohols accord- 
ing to Eq. (1) and achieved with 12 up to 32% ee of (if )-l -phenyl-1 -pentanol 
(5.2:9.2:1 ratio, in Et20 at -78°C) [47]. Diethyl ether was found to give for all lig- 
ands superior enantioselectivities than THF. 

Aspinall et al. employed lithium lanthanide binaphtholates 13 (Scheme 2, 
THF molecules are omitted) in n-BuLi additions to PhCHO (1:2:1 ratio) with 
67% ee [(S)-l -phenyl- 1-pentanol, diethyl ether, -98°C] [48]. With less equiva- 
lents of n-BuLi (1:1:1 ratio) only a 39% ee was observed under the same condi- 
tions. 

From these and from other experiments in organolithium chemistry it can be 
concluded that higher enantioselectivities in alkyllithium additions to alde- 




Scheme 2. Chiral complexes, enantioselectivities refer to Eq. ( 1 ), R= «-Bu 
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hydes are observed for higher quantities of chiral additives. It was stated “that 
lithium alkoxides influence the reactivity of n-BuLi only to a small extent” [49]. 
McGarrity et al. employed the “rapid-injection NMR” technique to study the n- 
BuLi addition to PhCHO in THF at -85°C [50]. Dimeric n-BuLi was found to be 
only 10 times more reactive than the tetrameric species. This slightly increased 
reactivity was also found for mixed n-BuLi/BuOLi aggregates; Li 4 (n-Bu) 2 (OBu )2 
was measured to have a similar reactivity as (n-BuLi) 2 . The more supporting co- 
ordination in the transition state rather than in the pre-complex was found to be 
the origin of kinetically favored directed ortho-metallations of benzene deriva- 
tives with organolithiums [51-54]. Coordinating solvents (THF) or ligands 
(TMEDA) de-aggregate organolithiums and hence give rise to higher reactivities 
than the oligomers [55], e.g., in enolate alkylations [56, 57]. However, due to the 
rather high reactivity of non-modifled organolithiums towards aldehydes, cata- 
lytic procedures, e.g., with less than 5mol% of chiral additive, seem to be hardly 
achievable with high enantioselectivities for generally applicable procedures. 
Ethereal solvents, low temperatures and protic ligands, which are prone to lithi- 
ation in situ and then form mixed aggregates with the organolithium reagent, 
are apparently the best choice for highly enantioselective aldehyde alkylations. 
Salt additives (e.g., LiCl, LiOH, LiC 104 ) decrease enantioselectivities due to the 
formation of competing achiral mixed aggregates, which are frequently ob- 
served in solution [58-60] and in the solid state (see below) [61]. Organozinc or 
organotitanium catalysts [62-67] were found to be more suitable to achieve high 
enantioselectivities in aldehyde alkylations, especially with catalytic amounts of 
chiral additives. Due to the central role of mixed chiral organolithiums aggre- 
gates in alkylation reactions [e.g.,Eq. (l)],the nature of such aggregates became 
the subject of intensive research. 

Hilmersson and Davidsson studied by means of intensive NMR investigations 
a mixed 1:1 complex of n-BuLi and the lithiated methoxyamine 6 (Scheme 1) in 
diethyl ether at -80°C [68]. A fluxional exchange between tetrameric and dimer- 
ic structures of the chiral lithiated pyrrolidine 14 and n-BuLi is apparent in die- 
thyl ether solution [69]. With the lithiated amine 15, a derivative of 6, 75% ee of 
(S)-l-phenyl-l-pentanol was obtained in n-BuLi additions to PhCHO, using a 
ratio of 1.0:0.45:0.25 in diethyl ether at -116°C [37]. The N-methyl derivative 
gave only 2 % ee, while the N-isopropyl derivative 16 yielded 82 % ee under the 
same conditions. This demonstrates the crucial role of the N-isopropyl substit- 
uent in 16. Addition of dimethoxymethane increased the enantioselectivity of 16 
to 91% ee of (S)-l-phenyl-l-pentanol. With lithiated 16, enantioselectivities of 
up to 98.5% ee were achieved in butylations of aliphatic aldehydes [70]. Hilm- 
ersson demonstrated that the mixed lithium amide/n-BuLi aggregate alkylates 
aldehydes faster than the pure n-BuLi oligomers, Eq. (2) [71]. 
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Despite the frequent employment of n-BuLi in enantioselective additions, 
only very few complexes of «-BuLi (or other organolithiums) and chiral, enanti- 
opure ligands have been structurally analyzed. Williard et al. reported in 1997 X- 
ray crystal structures of mixed complexes of n-, i-, and f-butyllithium with lith- 
ium iV-isopropyl-O-methylvalinolate (17, Scheme 2) [72]. The 2:1 stoichiometry 
of the mixed aggregates in the solid state was also found in solution with non- 
coordinating solvents such as hexane or toluene [73]. 

Goldfuss et al. developed a series of modular anisyl fencholates (e.g., 18) [74, 
75], which all form enantiopure mixed aggregates with n-BuLi (e.g., 19 and 20) 
and which could be studied by X-ray analyses [76, 77] . Using the modular nature 
of these anisyl fencholates, the compositions of the mixed aggregates as well as 
enantioselectivities in benzaldehyde butylations can be controlled. While H as 
ortho -substituent (X) yields a 3:1 aggregate with «-BuLi (19), forX=SiMe 3 a 2:2 
complex (20) was identified. Higher enantioselectivities in butylations of Ph- 
CHO were achieved with 20 [80% ee of (i?)-l -phenyl-1 -pentanol in toluene at 
-78°C] than with 19 (46% ee). Similar mixed aggregates with a 2:2 composition 
are observed for X=t-Bu and SiMe 2 t-Bu [78]. However,X=Me yields an unprec- 
edented mixed aggregate, which is composed of two fencholates and four n-BuLi 
units and hence can be regarded as a enantiopure modification of hexameric n- 
BuLi [79]. 

The group of Collum, inspired by highly selective acetylide additions to ke- 
tones (see below), performed lithium phenylacetylide additions to PhCHO, me- 
diated by the camphor-derived amino alkoxide 21 in THF at -78°C [80]. Varia- 
tions of the alkoxide:acetylide ratio revealed changes in the sense of enantiose- 
lectivity and the highest enantioselectivity (78% ee) was observed at a ratio of 
1:3. 

Collum’s group also performed n-BuLi additions to PhCHO [Eq. (1)] mediat- 
ed by 2-amino alcohols [81]. The highest enantioselectivity was found for the 
1,2-diphenyldimethylaminoethanol {lS,2R)-9, it’s enantiomer was used in Jack- 
man’s studies [42], with 91% ee of 1 -phenyl- 1-pentanol at -105°C in THF/pen- 
tane (1. 5:1:1 ratio). The corresponding pyrrolidine derivative gave 79% ee (-78°C 
in THF/pentane, 1. 5:1:1 ratio) [81]. Detailed NMR spectroscopic investigations 
showed that butylide additions to the aldehyde are much faster than structural 
exchanges of the alkylating mixed aggregates and that a 2:2 mixed cubic tetram- 
er is most likely the reactive species. 

Jiang et al. achieved recently in alkynylations of PhCHO up to 99% ee with the 
C 2 symmetric diaminodiol 22 [82]. The groups of Knochel and Carreira devel- 
oped catalytic alkynylation procedures based on cesium and zinc species [83, 
84]. 

3 

Additions to Ketones 

Enantioselective additions of organolithiums to prochiral ketones yield tertiary 
chiral alcohols, which are a synthetically highly attractive class of substances 
[85]. The formation of enolates via deprotonation (of a-hydrogens in the sub- 
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strate) or reduction (via p-hydrogen atoms in the organometallic) are some- 
times critical side reactions. The propensity for these side reactions is less pro- 
nounced for organolithiums than for Grignard reagents [86, 87]. 

The most prominent example of enantio selective organolithium additions to 
ketones is the development of the anti-AIDS drug efavirenz 23 (Scheme 3), a 
non-nucleoside reverse transcriptase inhibitor for a variety of HIV-1 mutant 
strains [88,89]. 

The key step in the synthesis of 23 is the enantioselective generation of its 
quaternary carbon center. This can be accomplished by adding to the protected 
ketoaniline precursor 24 the lithium acetylide 25 [Eq. (3)] [90]. Due to the high 
medical relevance of the final product efavirenz (23), this enantioselective orga- 
nolithium addition has been intensively studied. These detailed investigations 
provide intriguing information on the nature of reactive intermediates and the 
origins of enantioselectivity. 





For this 1,2-addition Thompson et al. first tested lithiated quinine and quini- 
dine additives, which were applied successfully in additions to imines [91, 92, 
93], but for ketone 24 [Eq. (3)] they obtained only 50-60% ee [90]. Higher enan- 
tioselectivities were achieved with lithiated ephedrine derivatives with different 
fZ-substituents (e.g., NMe 2 , NEt 2 ), among which the pyrrolidine substituent in 
26 gave the highest enantioselectivity (82 % ee) for the efavirenz precursor 27 
[Eq. (3)]. An optimized protocol was developed, whereby the cyclopropylacety- 
lene (two equivalents) and the chiral amino alcohol (two equivalents) were lithi- 
ated with n-BuLi at -15°C. This mixture of 25 and 26 was then “aged” for 30 min 
at 0°C. Addition of the ketoaniline 24 (one equivalent) to this mixture at -55°C 
in THE affords 27 in up to 98% ee! 

These high enantioselectivities were not observed with simple alkyllithiums 
and they are also sensitive to acetylide p-carbon substituents [88]. The para- 
methoxybenzyl protecting group in 24 was found to be crucial for high enanti- 
oselectivity, a free amino group decreases the enantioselectivity to 72% ee [89]. 
It was also observed that an excess of acetylide 25 relative to alkoxide 26 erodes 
the enantioselectivity. The equilibration of the mixed aggregates at higher tem- 
peratures (“aging” of the alkynylation mixture at 0°C) proved to be essential for 
good enantioselectivites. Generation and addition of the alkoxide- acetylide 
mixture below -50°C gave only up to 85% ee [89, 90]. 
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Scheme 3. 
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What are the origins of the two puzzling adjustments which are essential for 
the highly enantioselective synthesis of 27, 

(a) the necessary “aging” of the alkynylation mixture (25 and 26) at higher tem- 
peratures (0°C) and 

(b) the required 2:2:1 ratio of 25, 26 and the ketone 24? 

Due to its central role, the nature of the mixed acetylide-alkoxide aggregate was 
studied intensively by ^Li-, and *^C-NMR techniques in THF solution [88]. 
Generated at low temperatures (-78°C), homonuclear oligomers of lithium 
acetylide 25 and of lithium alkoxide 26 as well as mixed acetylide-alkoxide ag- 
gregates were found. Above -40°C, all the homonuclear oligomers of lithium 
acetylide 25 and of lithium alkoxide 26 convert to one stable, C 2 -symmetrical 2:2 
mixed aggregate 28 (Scheme 3). The high temperature necessary for this conver- 
sion points to an unusually slow mixed aggregate exchange [94]. The level of 
asymmetric amplification with scalemic mixtures of 26 (50 % ee of 26 yields 77 % 
ee of 27) was also seen to be consistent with a cubic 2:2 tetramer like 28 [89]. 

Two equivalents of acetylide 25 and alkoxide 26 are required for full conver- 
sion of one equivalent of ketoaniline 24. Addition of ketone 24 to an equimolar 
alkynylation mixture of 25 and 26 (1:1:1 ratio) proceeds rapidly, but only up to 
50% conversion at low temperature (-90°C). Further ketone addition at these 
temperatures gives rise to IR detectable carbonyl as well as NH functions of ke- 
tone 24, but no C-H signal of a protonated acetylene from 25 could be detected. 
Hence, 24 then coexists with a rather unreactive acetylide-alkoxide species, 
which neither alkynylates the CO function nor deprotonates the NH group in 24 
at low temperatures (-90°C)! The completion of the reaction for this 1:1:1 stoi- 
chiometry proceeds at 0°C,but then even requires several hours and also shows 
significantly lower enantioselectivity for the last than for the first 50% conver- 
sion [88]. 
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A model for the rather unreactive species, which is formed after 50% conver- 
sion, is given by the 3:1 tetramer 29, which forms, according to NMR investiga- 
tions, from three equivalents of alkoxide 26 and one equivalent of acetylide 25 
[88]. The solid state structure of 29 was subsequently also confirmed by X-ray 
analysis [95]. The mixed 3:1 aggregate 29 shows indeed a significantly lower re- 
activity than the 2:2 aggregate 28. Attempts to perform an X-ray analysis of 28 
failed, instead a hexameric 4:2 aggregate was obtained [95]. The lower reactivity 
of 29 can be explained by the remote positions of acetylide from the free (i.e., 
THF and not pyrrolidine coordinated) lithium ion, to which the ketone should 
initially bind prior to the acetylide transfer [88]. In contrast, the more reactive 
2:2 aggregate 28 has free (THF coordinated) lithium ions and acetylide groups 
in close proximity (Scheme 3). After the first 50% conversion, the lithiated prod- 
uct 27 and remaining acetylide 25 might form a 3:1 alkoxide-acetylide aggregate 
similar to 29. Hence, both intriguing phenomena, the aging effect and the re- 
quirement for the 2:1 stoichiometric have as same origin, i.e., the mixed 2:2 ag- 
gregate 28, which can be regarded as the genuine alkynylating reagent. 

Semiempirical MNDO computations suggest an intramolecular H-bonding 
interaction between the NH function and carbonyl group, resulting in a pre-ori- 
ented CO function. The computations also support a stereochemical model 
which correctly reproduces the sense of selectivity for the acetylide transfer 
within the ketone- coordinated, mixed 2:2 aggregate (30) [88]. 

Apparently, the unreactive species formed after 50% conversion contains one 
equivalent of the product alcoholate of 27, one equivalent of the remaining lith- 
ium acetylide 25 and two equivalents of the chiral alkoxide 26, forming a mixed 
3:1 alkoxide-acetylide tetramer, which shows a similar reactivity as 29. The 
product alcoholate of 27 was suggested to exhibit chelating abilities similar to 
the amino alcoholate 26. Then 26 and lithiated 27 could block via chelation the 
lithiums close to the acetylide moiety and cause the observed low reactivity, 
which is also apparent in 29. However, lithiated [^^N]keto aniline 27 did not show 
N-Li contacts according to ®Li-NMR studies in the reaction mixture [95]. 

There is a close structural analogy between the mixed 2:2 (28) and 3:1 (29) ag- 
gregates in the efavirenz synthesis and those complexes which are obtained from 
anisyl fencholates and n-BuLi (19 and 20, Scheme 2) [76,77,78]. As suggested to 
explain the lower reactivity of 29 relative to 28, the lithium ions neighbouring to 
the carbanionic moiety in 19 and in 29 are blocked by the chelating ligand, 
whereas the trans-situated lithium ion has a free coordination site in 19, or is co- 
ordinated by (labile) THF in 29. In contrast, the lithiums neighbored to the car- 
banionic moiety are free in 20, which corresponds to the proposed structure of 
28. 

The development of the efavirenz synthesis illustrates very nicely the fruitful 
interplay between synthetic demand on the one side and helpful elucidations by 
NMR and X-ray structural analyses as well as computational chemistry on the 
other. 

As with aldehydes, catalytic additions to ketones are more promising with less 
polar organometallics and some enantioselective catalytic organozinc additions 
to ketones have been developed [96, 97]. For the synthesis of efavirenz (23), sto- 
ichiometric amounts of chiral zinc alkoxide additives proved to be highly useful. 
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and high enantioselectivities could be achieved without protection of the amino 
function [98]. 

4 

Additions to Epoxides and Oxetanes 

Enantioselective additions of organolithiums to epoxides and oxetanes are syn- 
thetically highly valuable, as (at least in principle) alcohols with up to two, or up 
to three, new stereocenters respectively, are available in one addition step, e.g., 
from meso -substrates [Eqs. (4) and (5)]. 




There is a frequently noted incompatibility of organolithiums with many chi- 
ral Lewis acids, which are often employed for asymmetric openings of epoxides 
[99]. Analogous Lewis base-catalyzed reactions are rare [100]. However, activa- 
tion by Lewis acids, such as BF 3 *OEt 2 , is necessary for the opening of less reac- 
tive epoxides [101]. While organolithiums are rarely employed, applications of 
hetero -nucleophiles are well known in enantioselective desymmetrizations of 
meso-epoxides [102]. 

The group of Tomioka studied chiral ether ligands as mediators in phenyllith- 
ium additions to cyclohexene oxide [Eq. (6), R=Ph] [103, 104]. The best enanti- 
oselectivity (47% ee) was observed with the Lewis acid BF 3 -OBu 2 in toluene at - 
78°C with ligand 31 (Scheme 4). Analogous additions to 3-phenyloxetane gave 



47% ee with BF 3 -OBu 2 


in Et 20 . 






a: 


(6) 


RLi 


Ph Ph Ph 

H 3 CO 0 OCH 3 


Ph Ph 

H 3 CO OCH 3 /y ^ 


t-Bu., .N OH 

t 


31 (Tombka, 47%ee) 


32 (Tombka, 47%ee) ^ (Alexakis. 48%ee) 


^OH 

33 (Oguni, 90%ee) 



Scheme 4. For enantioselectivities refer to Eq. (6), R=Ph 



Alexakis et al. the used the combination of the diamine sparteine 1 
(Schemed) with the Lewis acid BF 3 -OEt 2 for phenyllithium additions to cy- 
clohexene epoxide [Eq. (6)] [105]. They observed that addition of 
1.5 equivalents BE 3 -OEt 2 to a mixture of 2 equivalents PhLi, 2 equivalents of 
sparteine and 1 equivalent of cyclohexene oxide in Et20 at -78°C initiated a rap- 
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id reaction with quantitative formation of trans-phenyl cyclohexanol in 48% ee. 
The 1:1 ratio of sparteine and organolithium reagent was found to be optimal. 
Only 5 % ee or 6 % ee were observed for n-BuLi or MeLi, respectively, while with 
cyclohexenyllithium no enantioselectivity was observed. Screening of a variety 
of other aryllithiums showed that 1-naphthyllithium yields 87% ee, while o-an- 
isyllithium gives only 15% ee, apparently due to an unfavorable coordination ef- 
fect of the methoxy group. PhLi additions to cyclooctene oxide gave the corre- 
sponding alcohol in 62% ee [106]. 

Oguni et al. employed even catalytic amounts (5 mol %) of the chiral Schiff 
base 33 without additional Lewis acid in a highly enantioselective addition (90% 
ee) of phenyllithium to cyclohexene oxide [107]. The f-Bu group and the imino 
hydrogen atom in 33 were found to be essential for high enantioselectivities. 

5 

Additions to Acetals 

While the diastereoselective cleavage of cyclic chiral acetals is quite well estab- 
lished [108-110], enantioselective variants, e.g., desymmetrizations of meso- 
acetals [Eq. (7)], are much less reported. The group of Harada used chiral aryl- 
boron Lewis acids for the enantioselective ring cleavage of 1,3-dioxolanes by si- 
lyl enol ethers as carbon nucleophiles [111, 112]. 




Muller and Nury performed an enantioselective desymmetrization of 1,3-di- 
oxolanes by organolithiums [1 13], using a protocol similar to the method which 
Alexakis et al. employed for the opening of epoxides [105]: Three equivalents of 
BF 3 'OEt 2 were added to a mixture of the acetal (one equivalent), the organolithi- 
um reagent (four equivalents) and sparteine (l,four equivalents) in Et20 at -78°C 

[113] . The cleavage of benzaldehyde dimethyl acetal gave with MeLi 1 1 % ee and 
with n-BuLi 25% ee. Higher selectivities than with alkyllithiums were achieved 
with aryllithiums: orf/io-ethylphenyllithium cleaves or tho-i-Pr-2 -phenyl-1, 3- 
dixolane with 75% ee [Eq. (7), R=ortho-ethylphenyl]. With smaller amounts of 
sparteine, i.e., 3.0, 2.0 and 1.5 equivalents, the enantioselectivity was even in- 
creased to 80-81% ee, but 1.0 and 0.5 equivalents gave 68 and 23% ee. Changing 
the solvent from Et20 to THE eliminated the enantioselectvity completely, but 
non-polar solvents like pentane or toluene gave 41 and 24% ee, respectively, i.e., 
lower selectivities than Et20. Muller et al. employed the asymmetric acetal cleav- 
age for the synthesis of (S)-neobenodine using the dimethoxyethane ligand 32 
(Schemed). Sparteine (1) was found to be less satisfactory for this purpose 

[114] . 
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Note added in proof. Complexes between MeLi and Chiral 3-aminopyrrolidine lithium amides 
bearing a second asymmetric center on their lateral amino group have been studied using 
multinuclear low-temperature NMR spectroscopy, and a relationship between the topology of 
these complexes and the sense of induction in the enantioselective alkylation of aaromatic al- 
dehydes by alkyllithiums has been proposed [115], 1,2-Amino sulfides have been used as chi- 
ral ligands in the enantioselective addition of BuLi and MeLi to various aldehydes (PhCHO, 
EtCHO) at low temperatures in up to 98.5% ee [16], 
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Organolithium reagents are highly reactive species and are used in a variety of organic trans- 
formations. Development of new methodology for asymmetric reactions of organolithium re- 
agents constitutes a remarkable area of fundamental progresses in recent synthetic organic 
chemistry. The conjugate addition (or Michael reaction, 1,4-addition) and 1,2-addition to C= 
N double bonds are powerful methods for forming a carbon-carbon bond. This chapter re- 
views the recent progress in enantioselective conjugate addition and 1,2-addition to C=N dou- 
ble bonds by organolithium reagents. Sect. 1 considers conjugate addition reactions with ac- 
tivated olefins and a,p-unsaturated imines, focusing on reactions controlled by external chiral 
ligands. Chiral oxazoline chemistry is also briefly presented. Sect. 2 summarizes the 1,2-addi- 
tions to imines and imine congeners (hydrazones, oxime ethers, nitrones) using chiral auxil- 
iaries and chiral ligands. We do not describe additions which use chiral auxiliary groups in 
carbonyl compounds. 
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Enantioselective Conjugate Addition of Organolithium Reagents 

Conjugate addition of organometallic reagents to electrophilically activated ole- 
fins constitutes versatile methodology for forming a carbon-carbon bond [1]. 
The products are the corresponding (1-substituted carbonyl compounds. Be- 
cause of the usefulness of the reaction as well as the product, a considerable 
number of approaches to asymmetric conjugate addition have been reported 
and several excellent reviews have been published [2-10]. Recently, prominent 
results for asymmetric conjugate addition have been achieved in copper-cata- 
lyzed reactions of diethylzinc [11] and rhodium-catalyzed reactions of arylbo- 
ron reagents [12] with cycloalkenones (Scheme 1). However, the use of organo- 
metallics for enantioselective conjugate addition is an underdeveloped area. 

Organolithium reagents are highly reactive species and are used in a variety 
of organic transformations, thus selective organolithium-based asymmetric 
conjugate addition reactions are challenging. In this chapter we focus on recent 
progress in enantioselective conjugate addition of organolithium reagents with 
achiral activated olefins under control of an external chiral ligand, or a chiral 
catalyst. Reactions using a chiral auxiliary are also briefly presented. 



Scheme 1. 






O 




94%, >98% ee 



+ PhB(OH)2 




Rh(acac){C2H4)g 
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>99%, 97% ee 



1.1 

Addition to Acceptors Having a Chiral Auxiliary 

The chelation control methodology of Meyers provided a highly selective conju- 
gate addition of organolithium reagents to a chiral oxazoline. The diastereose- 
lective asymmetric addition of various organolithiums to a,(3-unsaturated chi- 
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= alkyl, aryl; = alkyl, aryl, alkenyl 

Scheme 2. 



ral oxazolines 1, chiral naphthyloxazolines 3 or chiral naphthyl imines leads to 
substituted alkanoic acids 2 and substituted dihydronaphthalenes 4 with high 
enantiomeric purity [13-16] (Scheme 2). The selectivity maybe rationalized by 
assuming that the complexed organolithium R^Li aligns itself as shown in 5, 
where the C-Li bond is parallel to the n-orbitals of the naphthalene ring and un- 
dergoes a 1,5-sigmatropic rearrangement, and enters the aromatic n-system 
to give 6. 

A P-aryl-a,P -unsaturated ferf -butyl ester 7 bearing a chiral imidazolidine (or 
oxazolidine) auxiliary at an ortho position undergoes stereoselective conjugate 
addition of an aryllithium reagent 8, furnishing a |3,|3-diarylpropionic acid de- 
rivative 9 in up to 97% ee (Scheme 3) [17], 



ArLi 




Scheme 3. 
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1.2 

Reaction in the Presence of an External Chiral Ligand 

1.2.1 

Addition to Activated Oiefins 

Seebach studied the conjugate addition reaction of nitroolefin 10 with butyllith- 
ium in the presence of the multidentate ligand 11 (accessible from tartaric acid), 
which yielded the adduct 12 in up to 58% ee (Scheme 4) [18]. 

M©2N — ^ — N M©2 

10 -80 “C, pentane ^2 58% ee 

Scheme 4. 



a, p -Unsaturated carbonyl compounds (typically esters) undergo conjugate 
addition with alkyl- and aryllithium reagents. Chemoselectivity (1,2- vs. 1,4-ad- 
dition) in these reactions can be controlled by increasing the steric bulk in the 
nucleophile or the ester substituent. Because of the high nucleophilicity of orga- 
nolithium reagents, a bulky dithiane reagent could be used as a Michael donor. 
The enantioselective conjugate addition reaction of lithiated dithioacetal deriv- 
ative 14 with a,P-unsaturated ester 13 in the presence of a chiral ligand 15 pro- 
vided adduct 16 in up to 67% ee (Scheme 5) [19]. 




+ 



s s 



-78 °C, toluene 




Me.^ .Me 




16 



32%, 67% ee 



Scheme 5. 



Recently, progress has been made based on the use of a bulky carbonyl mask- 
ing group,so as to avoid 1,2-addition: 2,6-di-tert-butyl-4-methoxyphenyl (BHA) 
esters have been successfully employed in conjugate additions [20]. External 
chiral ligands, especially the C 2 symmetric diether 18 and the naturally occur- 
ring diamine, (-)-sparteine (19), have been used in a stoichiometric or catalytic 
manner with organolithiums in asymmetric conjugate addition reactions with 
BHA a,p -unsaturated ester 17 [21, 22]. The products are 3-substituted al- 
kanoates 20. The diether 18 is readily available by asymmetric dihydroxylation 
of stilbene followed by methylation [23]. Diether 18 and (-)-sparteine (19) are 
complementary to each other: 18 shows high efficiency with aryllithiums and 19 
is effective with alkyllithiums (Scheme 6). The catalytic turnover of 19 is superi- 
or to that of 18. The use of a poorly coordinating solvent, such as toluene or 
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R = Bu, 19; 95%, 85% ee 



'j^COgBHA 

R 

20 



Scheme 6. 



ether, is essential for high enantioselectivity because of the desirable formation 
of tight lithium-ligand chelated complexes as chiral carbonucleophiles. 

The BHA group exerts remarkable activating and directing effects on the re- 
action of naphthalenecarboxylates with organolithium reagents [24,25]. In the 
presence of either stoichiometric or catalytic amounts of the chiral diether 18, 
aryllithiums reacted with BHA esters of 1- and 2-naphthalenecarboxylic acid 
21/22 to afford 1,2-di-, 1,1,2- and 1,2,2-trisubstituted dihydronaphthalenes 
23/24 in high ee, following a subsequent ketene-reduction in a one-pot process 
(Scheme 7). 



OMe 




Scheme 7. 

The external chiral ligand- controlled asymmetric conjugate addition tech- 
nology has been proven to be applicable to an asymmetric synthesis of a 
dopamine D1 agonist, dihydrexidine (28) (Scheme 8) [26], The synthetic path- 
way to 28 relies on three key processes: enantioselective conjugate addition re- 
action of phenyllithium with a,(3-unsaturated ester 25, Curtius rearrangement- 
type conversion of 26 into amine 27, and finally Pictet-Spengler-type cyclization 
to complete the skeleton. 

A similar transformation to that shown in Scheme 3, but enantioselective, 
was carried out with a,p -unsaturated fert-butyl ester 29 and aryllithium reagent 
8, providing the 1,4-addition product 30 in up to 88% ee (Scheme 9) [27]. The 
ortho (relative to the unsaturated ester portion) substituent is important for im- 
proving the enantioselectivity. A survey of various ligands showed that 18 was 
more effective than 19, or chiral amino ether ligands. 
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Scheme 10. 
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(-) -Sparteine (19) is an excellent chiral ligand for the asymmetric Michael ad- 
dition of enantio enriched anilinobenzylic and -allylic organolithiums 31, 32 
[PMP=p-methoxyphenyl] (Scheme 10, see also Chapter 5) [28, 29]. Complexa- 
tion of the organolithium with 19 prevents the inversion at the carbanionic cent- 
er. The choice of ligand for the lithium cation can provide control of 1,2- vs. 1,4- 
addition of organolithium species to a,()-unsaturated carbonyl compounds. 
Furthermore, in these addition reactions two contiguous stereocenters were 
constructed with high diastereo- and enantioselectivities. The availability of 
both organolithium epimers through a stannylation/lithiation sequence pro- 
vides a choice in the configuration of the donor organolithium species. Cyclic 
enone 33, unsaturated lactone 34, acyclic doubly activated olefin 35 and ni- 
troolefin 36 are acceptors compatible in this reaction. Further transformations 
of the addition products provide [3.3.0]-, [4.3.0]-, [5.3.0]-, and [5.4.0] -carbocy- 
cles and heterocycles with high stereoselectivities [30]. The presence of TMSCl 
in the addition reactions prevents side reactions. The allyllithium-(-)-sparteine 
(19) complex 32 was isolated and crystallographically characterized, providing 
a model for predicting the stereochemical outcome of the addition reaction [31]. 

1.2.2 

Addition to a,^-Unsaturated Imines 

The C 2 symmetric chiral diether 18 has been most efficient in the asymmetric 
conjugate addition of organolithium reagents to naphthaldehyde imine 37 and 
cyclic and acyclic a,p -unsaturated aldimines 38-40 (Scheme 11) [32, 33]. Fol- 
lowing hydrolysis P -substituted aldehydes 41 were obtained, which were then re- 
duced with NaBH 4 to afford the corresponding alcohols 42 with excellent enan- 
tioselectivity. The enantiofacial selection has been explained through a lithium- 
coordinated complex between organolithium, imine and chiral diether 18, 
where the migrating C-Li bond is parallel to the reacting p-orbital of the imine 
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Scheme 11. 
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Fig.1. 

(Fig. 1, shown for the imine of crotonaldehyde). From the favored complex 
(shown on the left), the R group of the organolithium reagent is then transferred 
to the less-hindered face of the double bond of the unsaturated imine. These ad- 
ditions are the enantioselective evolution of Meyers's chiral oxazoline and chiral 
imine chemistry (Sect. 1.1). 

1,4- vs. 1,2 -addition regioselectivity in the reaction of imines derived from 
naphthaldehydes and a,(3-unsaturated aldehydes is rationalized mainly by the 
relative magnitude of the LUMO coefficient on the 2 possible reaction sites [34, 
35]. Replacement of the cyclohexyl group of the imine moiety by an aryl group 
leads to a larger coefficient at the imine carbon. Reaction of an imine bearing an 
aryl group on the imine nitrogen atom results in selective 1,2 -addition, not 
Michael-type conjugate addition. Catalytic asymmetric 1,2-addition reaction of 
such an imine with an organolithium reagent was catalyzed by a chiral ami- 
noether ligand to provide the corresponding chiral amine in high ee (Sect. 2.4). 

The first prominent catalytic asymmetric conjugate addition reaction of an 
organolithium reagent was the reaction of 1-naphthyllithium 44 with naphthal- 
dehyde imine 43 having a fluoro substituent as a leaving group under the control 
of the diether 18 [36]. Only a catalytic amount of 18 (5mol%) was required to 
give binaphthyl 45 in 82% ee, in which an enantioselective conjugate addition- 
elimination mechanism is operative (Scheme 12). This nucleophilic aromatic 
substitution consists of two successive processes: The first is the conjugate addi- 
tion of the naphthyllithium-diether complex to 43, and the second involves elim- 
ination of the LiF-diether complex in which transfer of central chirality to axial 
chirality occurs to give 45. Regeneration of the naphthyllithium-diether complex 
from the LiF-diether complex through ligand exchange is essential for the prop- 





2.3 1 90 >99 

0.05 3.5 82 97 

Scheme 12. 
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agation of the catalytic asymmetric process. High selectivity was realized by us- 
ing a (2,6-diisopropylphenyl)imino group. Dramatic improvements in ee (those 
shown in Scheme 12) were achieved by using lithium bromide-free naphthyllith- 
ium, prepared from naphthylpropyltellurium and butyllithium [37]. 

The chromium complex 46 of benzaldehyde imine is also a good substrate for 
asymmetric conjugate addition of organolithium reagents, where the reaction 
was mediated by a stoichiometric amount of chiral diether 18 in toluene to give, 
following propargylic electrophile incorporation, the cyclohexadienal 48 in up 
to 93% ee (Scheme 13) [38]. SAMP [(S)-l-amino-2-(methoxymethyl)pyrrolid- 
ine] hydrazones were used effectively in diastereoselective nucleophilic addi- 
tions to (arene)Cr(CO )3 complexes [39]. 

Lithiated 2-trimethylsilylbenzenethiol is a good Michael donor nucleophile 
under the control of a chiral aminoether; however, a discussion of this chemistry 
lies outside the scope of this chapter [40]. 



Cr(CO )3 



N-c-hex 



+ PhLi 
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MeO^ ^ OMe 
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-CHjBr 



47 



toluene, -78 ”C 
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46 
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Scheme 13. 



2 

Enantioselective 1,2-Addition of Organolithium Reagents to C=N 
2.1 

Addition to Imines and Imine Congeners Having a Chiral Auxiliary 

Asymmetric nucleophilic 1,2-addition of organolithium reagents to C=N double 
bonds provides a versatile method for preparation of chiral amines. Optically 
active amines are abundantly present in biologically active compounds and are 
also important chiral building blocks. Asymmetric addition to C=N double 
bonds has been achieved with the use of a chiral auxiliary or chiral ligands. The 
chiral auxiliary strategy involves a diastereoselective reaction, separation of the 
diastereomers and subsequent removal of an auxiliary giving enantiomerically 
pure products. The other strategy employs chiral ligands for the direct introduc- 
tion of chirality to an imine and/or an organolithium reagent. This section 
presents an overview of these achievements. 

2.1.1 

Addition to Imines 

Diastereoselective addition of organolithium reagents to imines which contain 
chiral auxiliaries gives chiral amines after the removal of the auxiliaries. Taka- 
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hashi and coworkers reported pioneering work concerning this strategy. Orga- 
nolithium reagents undergo addition to imines 49 derived from aryl aldehydes 
and valinol or phenylglycinol, giving amines 51 in good yields and in high dias- 
tereoselectivity (Scheme 14) [41,42], The observed diastereoselection was ra- 
tionalized by considering formation of the five-membered ring 50, where chela- 
tion of the alkoxide and the imino group to the lithium metal is operative. The 
organolithium reagent then approaches the imine from the sterically less-hin- 
dered si-face. 



r2^ 




OH 



49 



RLi 

EtaO orTHF 
-55 °C to rt 





51 

46-82%, 84-98% de 



= APr, Ph 

R^ = Et, Bn, Ph, p-tol, 4-MeOC6H4, 4 -CIC 6 H 4 , 2-furyl, 2-thienyl, 3-thienyl, terrocenyl 
R = Me, Bu, Ph, p-tol, 4-MeOCgH4, 4 -CIC 6 H 4 



Scheme 14. 



Amines having an ether moiety instead of a hydroxy group are also good chi- 
ral auxiliaries. Imines such as 52, derived from chiral amino ethers, undergo ad- 
dition reactions with organolithium reagents to give the corresponding amines 
53 with good diastereoselectivity (Scheme 15). Methyl ethers of valinol [41c] 
and phenylglycinol [43], (lf?,2S)-2-methoxy-l,2-diphenylethylamine [44], and 
l-(2-methoxyphenyl)ethylamine [45] have been used as chiral amino ethers. In 
these reactions, the sense of diastereoselectivity is predictable using chelation 
models similar to 50. 
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Scheme 15. 



CH2 



1-Arylethylamines are widely used as chiral auxiliaries because of the avail- 
ability of both enantiomers and the potential for auxiliary removal by hydrog- 
enolysis. Reactions using 1 -phenylethylimine [46] and l-(l-naphthyl)ethyl- 
amine [47] have been reported. With l-(l-naphthyl)ethylimines 54, the use of 
organolithium-boron trifluoride reagents gave good diastereoselectivity 
(Scheme 16). 
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Scheme 16. 



2 . 1.2 

Addition to Hydrazones 

The addition of organolithium reagents to hydrazones gives substituted hydra- 
zines. Since amines can be obtained by the reductive cleavage of the N-N bond 
of hydrazines, hydrazones can be considered as useful, more stable, equivalents 
of imines. Thus, the asymmetric addition of organolithium reagents to chiral hy- 
drazones is a potentially attractive alternative method for the preparation of op- 
tically active amines. The first examples of the addition of organometallic rea- 
gents to chiral hydrazones, derived from chiral hydrazines, was reported by 
Takahashi and coworkers using Grignard reagents [48]. More general addition 
of organolithium reagents has been extensively examined using a chiral hydra- 
zone, prepared from a chiral hydrazine, (S) and (i?)-l-amino-2-(methoxyme- 
thyl)pyrrolidine (SAMP and RAMP). A variety of organolithium reagents added 
diastereoselectively to SAMP hydrazones 56, affording highly optically pure 
amines 58, after reductive N-N bond cleavage (Scheme 17) [49-51]. The cleav- 
age, however, generally requires rather harsh conditions and sometimes suffers 
from partial racemization and/or saturation of an aromatic moiety. (S)-l-Ami- 
no-2-(methoxymethyl)indoline (SAMI) hydrazones were reported advanta- 
geous in terms of mild conditions for selective cleavage of the N-N bond of the 
corresponding hydrazines, as well as for the excellent levels of asymmetric in- 
duction [52]. The diastereoselectivity was rationalized using the model 59 
(shown using a SAMP hydrazone), where chelation of the lithium atom by the 
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R^ = Me, f-Bu, Bu, OC 0 H 11 , Ph 



Scheme 17. 
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pyrrolidine nitrogen and the methoxymethyl side-chain restricts rotation 
around the N-N bond and increases the conformational rigidity [49c]. The orga- 
nolithium reagent is then aligned below the C=N double bond plane and attacks 
from the re-face. 

2.1.3 

Addition to Oxime Ethers 

Although oxime ethers are generally less electrophilic than the corresponding 
imines, the lability of the N-0 bonds is appealing in terms of their transforma- 
tion into amines. Asymmetric addition of organolithium reagents to oxime 
ethers having a chiral auxiliary gives chiral amines after the N-0 bond cleavage 
of the resulting hydroxylamine ethers, and the latter can be achieved much more 
easily than cleavage of the amine C-N bond or the hydrazine N-N bond. The first 
oxime ether example of this type was reported by Miller; moderate diastereose- 
lectivity was observed [53]. More general reactions have been developed by us- 
ing oxime ethers derived from ephedrine [54] or chiral 1-phenylalkoxyamines 
[55] which showed good asymmetric induction in the addition of organolithium 
reagents in the presence of boron trifluoride. In the latter reaction with 0-(l- 
phenylalkyl)oximes 60 (Scheme 18), the diastereoselectivity was dependent on 
the substituents on the chiral auxiliary [55c] . Replacement of the phenyl group 
by the bulkier naphthyl group decreased the selectivity from 71 % de to 55% de 
(R=Me). In contrast, the larger R, isopropyl group gave the product 61 in >95% 
de, while the smaller R, methyl group gave 61 in 71% de. These results suggest 
that the addition proceeds via conformer 62. 
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Scheme 18. 



2.2 

Addition to an Imine-Chiral Ligand Complex 

Chiral N-borylimine 65 generated in situ by reduction of benzonitrile 63 with di- 
isopinocamphenylborane 64 reacted with butyllithium to give the adduct 66 
with 24% ee in 71 % yield (Scheme 19) [56]. 
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Scheme 19. 



2.3 

Addition of Organolithium Reagents Bearing a Chiral Sulfoxide Moiety 
2.3.1 

Addition to Imines 



Another strategy for diastereoselective addition is the use of organolithium rea- 
gents bearing a chiral removable moiety. The addition of the hthium carbanion of 
(J?)-methyl p-tolyl sulfoxide 67 to an imine 68 (R'=R^=Ph) afforded (l-sulfi- 
nylamine 70 with high diastereoselectivity [57]. The addition of sulfoxide 67 to a 
variety of other imines proceeded in moderate to good diastereoselectivity 
(Scheme 20) [58]. The diastereoselectivity of the reaction was kinetically control- 
led, and the six-membered cyclic model 69 was proposed to rationalize the ob- 
served stereoselection. This methodology allowed the construction of (R)-tetrahy- 
dropalmatine in four efficient synthetic steps from 3,4-dihydroisoquinoline [58b] . 
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Scheme 20. 



2.3.2 

Addition to Nitrones 

Nitrones have also been used as electrophiles toward 67, though the diastereo- 
selectivities of the reactions were less satisfactory than those with the corre- 
sponding imines [59, 60]. Addition of one equivalent of the lithium salt of quini- 
dine (72) improves the diastereoselectivity dramatically for various 3,4-dihydr- 
oisoquinoline N-oxides 71 (Scheme 21) [60]. The formation of a facial discrimi- 
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nating reagent derived from quinidine (72) and a-sulfinylcarbanion 67 is likely 
responsible for the high selectivity. The sulfoxide and hydroxy groups are easily 
removable by hydro geno lysis, yielding the isoquinoline alkaloid 74 [R^, R^= 
OMe; (R)-(+)-salsolidine (84)]. 





R', = OMe; (R)-salsolidine 84 



Scheme 21. 



2.4 

Reaction in the Presence of an Externai Chiral Ligand 
2.4.1 

Addition to Imines 

In the last decade the asymmetric additions of organometallic reagents to the 
C=N bond of imines in the presence of a stoichiometric or catalytic amount of a 
chiral ligand have been developed as a new technology for the synthesis of opti- 
cally active amines, including alkaloids. Such ligand-induced enantioselective 
synthesis avoids auxiliary attachment and removal steps. This strategy also has 
the potential for direct recovery and reuse of the unchanged chiral ligands. Ad- 
dition to imines has been limited by the poor electrophilicity of the azomethine 
carbon atom, in comparison with that of a carbonyl group. However, the reac- 
tion can be considerably accelerated by the use of chiral ligands/catalysts. Sever- 
al excellent articles reviewing the state-of-the-art of this reaction have been pub- 
lished [7, 9, 61-65]. In this section we describe the enantioselective addition to 
C=N of organolithium reagents in the presence of an external chiral ligand. 

Tomioka and coworkers first reported the stoichiometric and catalytic asym- 
metric 1,2-addition of organolithium reagents to N-arylimines mediated by an 
external chiral ligand [66-69]. The chiral (3-amino ether derivative 15 is an ex- 
cellent asymmetric controller [70] which works as a catalyst even in substoichi- 
ometric amounts. Using organolithium reagents (R=Me, Bu, Ph, vinyl), aryl- or 
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-100 °C (stoichiometric) 15/2.6 eq 90% ee, 97% 
—42 “C (catalytic) 15/0.3 eq 66% ee, 88% 



Scheme 22. 



conjugated imines 75 were successfully converted into optically active amines 76 
with high selectivities (Scheme 22). 

The W-aryl substitution in the starting imines exerts a profound effect on 
enantioselectivities. Particularly in the case of addition to the imines bearing 
substituted N-4-methoxyphenyl or N-naphthyl groups 77, excellent enantiose- 
lectivities (up to 97% ee) were obtained (Scheme 23) [71]. Reaction of heterocy- 
cle-involving imine and heterocyclic carbonucleophiles in the presence of a chi- 
ral ligand has been also reported [72, 73]. 
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Scheme 23. 



The synthetic utility of the enantioselective addition to an azomethine func- 
tion relies on a practical method for the N-dearylation of the resulting chiral 
amines. The 4-methoxyphenyl groups of amines were removed by a two-step 
procedure, which begins with an N-protection step (BuLi/ClC 02 CH 2 Ph) fol- 
lowed by oxidative cleavage of the N-aryl moiety (ceric ammonium nitrate: 
CAN). The N-naphthalene groups were removed by CAN oxidation followed by 
treatment with sodium borohydride and then acetic anhydride [71 ] . In both cas- 
es, the amines were isolated in good yield without significant loss of enantio- 
meric purity. 

The highly selective asymmetric addition of organolithiums to acyclic imines 
and N-aryl group oxidative removal provided a facile and efficient synthetic 
route to the optically active 1-substituted tetrahydroisoquinoline (TIQ) 81 [74] 
(Scheme 24), (R)-(-i-)-salsolidine (84) [71] (Scheme 25), and optically pure a- 
amino acid derivatives 88 bearing a bulky a-substituent [75] (Scheme 26). The 
reaction of organolithium reagents with the acyclic imine 78 and subsequent cy- 
clization of the secondary amine under Moffat oxidation conditions, after oxida- 
tive hydroboration of 79, gave 80 (Scheme 24). 
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The synthesis of (i?)-(+)-salsoIidine (84), a representative isoquinoline alka- 
loid, was realized by employing the addition of methyllithium to N-naphthylim- 
ine 77, cyclization of 83 and further elaboration for oxidative removal of the N- 
naphthyl group (Scheme 25). 



MeO 

MeO 





Scheme 25. 



The 1,2-addition reaction of an anisidine imine 85 with phenyllithium was 
controlled by chiral diether 18 to give the corresponding secondary amine 86. N- 
Dearylation followed by oxidative conversion of the phenyl group of 87 to a car- 
boxyl group without racemization afforded the N-acetyl-a-amino acid 88 
(Scheme 26). 
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Scheme 26. 
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iV-Silylimine 89 in ether at -78°C was asymmetrically alkylated with butyl- 
lithium in the presence of the dilithium alkoxide of the chiral diol 93 (76%, 62% 
ee) (Scheme 27) [76]. Addition of the preformed (-)-sparteine (19)-BuLi com- 
plex to benzaldehyde J7-diisobutylaluminoimine 90, prepared in situ from par- 
tial reduction of benzonitrile with diisobutylaluminum hydride, in pentane at - 
78°C gave the primary amine 92 in good ee (70% yield, 74% ee) [77]. The use of 
polymer-supported amino alcohol 94 in THF at -78°C allows the asymmetric 
alkylation of an J7-borylimine 91 to give the primary amine 92 with 44% ee [77]. 




M = TMS: 89 92 

M = AI(/-Bu) 2 : 90 up to 70%, 74% ee 




Scheme 27. 



The bidentate C 2 -symmetric bis-oxazolines 97 and (-)-sparteine (19) have 
been used as ligands with success in imine additions [78-80]. Excellent results 
have been obtained by addition of RLi (R=Me, Bu, Ph, vinyl) to aryl-, olefinic 
and aliphatic imines in the presence of (-)-sparteine (19) or chiral bis-oxazo- 
lines 97. Notably, the enolizable aliphatic imines 95 also gave addition products 
96 in high yields and high enantioselectivities (Scheme 28). The oxazoline 97 
promotes both methyl- and vinyllithium additions with significant enantiose- 
lectivities (e.g.,R=Me,91% ee).On theother hand, 19 is beneficial for butyl- and 
phenyllithium additions (e.g., R=Bu, 91 % ee). High enantioselectivities were 
obtained even when the chiral ligand was used in a catalytic amount. Investiga- 
tions into the effect of the ligand architecture of the bis-oxazoline revealed that 
the size of the bridging substituents has a dramatic effect on the reaction selec- 
tivity, while ligand bite angle plays only a small role. The effect of the imine and 
ligand structure on the enantioselective addition mediated by (-)-sparteine (19) 
and bis-oxazolines has been studied [81]. 

An enantioselective addition of f-BuLi to methylimine 98 in the presence of the 
bis-oxazoline derivative 99 was used as the key step in the asymmetric synthesis 
of (R)-desmethylsibutramine (100), a single enantiomer version of a pharmaco- 
logically active metabolite of the anti-obesity drug sibutr amine [82] (Scheme 29). 

The asymmetric lithiation of 0-benzyl carbamates 101 -imine addition se- 
quence using the s-BuLi/(-)-sparteine (19) complex has been studied [83]. The 
reactions proceeded with high diastereoselectivity, giving the fhreo-(3-amino al- 
cohol derivatives 102 with modest to good ee (Scheme 30). 
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Scheme 31. 
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The (S)-proline-derived chiral ligand 104, similar to the aminoether 15, me- 
diates the asymmetric addition of organolithium reagents to arylimines 103 pro- 
ducing (S)-amine 105 with relatively poor enantiomeric excess, up to 21% ee 
(Scheme 31) [84-86]. 

The ligand 108 has activity as an external controller of stereochemistry in the 
enantioselective addition of methyllithium to imines derived from veratralde- 
hyde with up to 41% ee [87]. (-)-Sparteine (19)-mediated reaction of organo- 
lithium reagents afforded isoquinoline alkaloid 107 directly from 3,4-dihydroi- 
soquinoline 106 with up to 47% ee (Scheme 32) [88]. 




106 



chiral Ligand 
RLi 

toluene 

-76to-15°C 




Scheme 32. 





H 19 

R = Me; 77%, 31% ee 
Bu; 77%, 47% ee 
Ph; 34%, 17%ee 



The lithium alkoxide of quinine (111) was used as a stoichiometric chiral ad- 
ditive to carry out the highly enantioselective addition of lithium acetylide 1 10 
to cyclic N-acylketimines 109 (Scheme 33) [89] . Quinidine (72) (Scheme 21) was 
employed to give the opposite enantiomer. Using the bulky 9-anthrylmethyl pro- 
tecting group at a distal position on the imine, adduct 112 of 97% ee was ob- 
tained and applied to the asymmetric synthesis of the HIV reverse transcriptase 
inhibitor 113, through enantioenrichment of the (-i-)-CSA salt and deprotection 
of the 9-anthrylmethyl group. 

Chiral bisaziridines such as 114 in the addition of organolithiums to an 
arylimine exerted asymmetric induction in up to 89% ee. The best result was ob- 
tained with vinyllithium (Scheme 34) [90]. 

Although outside the scope of this chapter, catalytic asymmetric reactions of 
lithium ester enolates with imines have been developed using a ternary complex 
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Scheme 33. 
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Scheme 34. 



reagent, which comprises a chiral ether ligand, an achiral lithium amide, and a 
lithium ester enolate; these reactions leading to the corresponding |3 -lactams in 
high enantiomeric excesses [91]. 

3 

Conclusions 

Organolithium compounds are highly reactive and readily available organome- 
tallic reagents, thus the development of enantioselective reactions of organolith- 
ium reagents is ideal. Although conjugate additions of organolithiums are un- 
common compared to organocopper-mediated conjugate additions, recent in- 
vestigations of asymmetric conjugate additions of organolithiums have opened 
up a new, convenient and general methodology. Auxiliary-controlled conjugate 
addition has reached a high degree of diastereoselectivity based on chiral oxazo- 
line chemistry. However, the approach towards enantioselective conjugate addi- 
tion reactions of organolithiums with achiral activated olefins under control of 
an external chiral ligand or catalyst is a current focus of study. In the field of nu- 
cleophilic additions of organolithium reagents to the C=N bond of imine and 
imine congeners, considerable progress has been made during the last 30 years. 
Several natural products and biologically active compounds containing amino 
groups have been synthesized. Particularly, the past decade has witnessed im- 
pressive developments in external chiral ligand-mediated reactions. However, 
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the level of enantioselectivity in the reactions with use of a catalytic amount of 
chiral ligand remains moderate. The search for a practical catalytic enantiose- 
lective addition to azomethine functionality remains a challenge in synthetic 
chemistry. 

Note added in proof. The reactions of various (l-sulfinyl-2-naphthyl)methanimines with 
alkyllithium reagents have been examined: naphthylmethanimines bearing a 2,4,6-triisopro- 
pylphenylsulfinyl group gave the addition products as single diastereomers, possibly derived 
from the predominant rotamer around the C-S bond axis [92], The reaction of chiral [l-(2,4,6- 
triisopropylphenylsulfiniyl)-2-naphthyI]methanimine with MeLi and subsequent elimination 
of the sulfinyl group afforded optically active l-(2-naphtyl)ethylamine. The R- and S-enanti- 
omers of salsolidine 107 (R = Me, Scheme 32) were prepared in good yield and moderate enan- 
tioselectivity (33 and 27% ee, respectively) by the addition of MeLi to 6,7-dimethoxy-3,4-di- 
hydroisoquinoline 106 in the presence of chiral oxazoline ligands similar to 108 [93], 1-Me- 
thyl-l,2-dihydroisoquinoline and l-butyl-l,2-dihydroisoquinoline were obtained by enanti- 
oselective addition of organolithium reagents to isoquinoline in the presence of (-)-sparteine 
(up to 57% ee) [94], Various organolithiums together with different chiral ligands were stud- 
ied in additions to an azirine [3-(2-naphthyl)-2H-azirine]; however, only low ees were ob- 
tained [up to 17% ee using (-)-sparteine] [95]. Diastereoselective addition of organolithiums 
to chiral imidoylphenols to prepare phenolic Mannichtype bases has beeen reported [96]. 
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Enantioenriched -hybridized 1-oxy-alkyllithium compounds are accessible by lithiodes- 
tannylation of the appropriate chiral stannanes or by deprotonation of 1 -alkyl carbamates by 
means of sec-butyllithium/(-)-sparteine. These are usually configurationally stable at temper- 
atures below -40°C and are substituted by a wide array of electrophiles with strict stereore- 
tention. When applying chiral substrates, bearing an adjacent stereogenic center, often a high 
internal chiral induction occurs, being the basis for an efficient kinetic resolution in the de- 
protonation step. a-Oxybenzyllithium derivatives are usually more easily accessible due to 
mesomeric stabilization, but most of these compounds undergo facile racemization or 
epimerization at temperatures around -70 to -78°C. The sense of stereospecificity of the elec- 
trophilic substitution is less predictable; both - retention or inversion - are common, depend- 
ing on the individual situation. l-Oxy-2-alkenyllithium reagents have similar stereochemical 
properties. In a number of cases configurational stability is recorded. Procedures for efficient 
dynamic kinetic resolution, involving a crystallization step, have been developed. In particu- 
lar, l-lithio-2-alkenyl carbamates - after titanation - are valuable homoenolate reagents for 
achieving highly stereoselective homoaldol reactions. Chiral l-oxy-2-alkynyllithium deriva- 
tives allow for a facile entry to enantioenriched allenes. 

Keywords. Organolithiums, Carbamates, Chiral Ligands, Enantioselectivity, Deprotonation 
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Abbreviations 

Ac acetyl 

Boc fert-butyloxycarbonyl 

BOM benzyloxymethyl 

Box bis [oxazolinyl] (-ligand) 

Cb N,iV-diisopropylcarbamoyl 

Cbse N- [2-(ferf-butyldiphenylsilyloxy)ethyl] -N-isopropylcarbamoyl 

Cbx spiro(4,4-dimethyl-l,3-oxazolidine-2,l’-cyclohexane)-3-carbonyl 

Cby (2,2,4,4-tetramethyl-l,3-oxazolidin)-3-carbonyl 

DME 1,2-dimethoxyethane 

DME iV,N-dimethylformamide 

DMPU l,3-dimethyl-3,4,5,6-tetrahydro-2(lH)-pyrimidinone 

inv. inversion 

EDA lithium diisopropylamide 

LDBB lithium 4,4’-di(ferf-butyl)biphenylenide 

LDMAN lithium 8-(N,N-dimethylamino)-naphthalenide 

LN lithium naphthalenide 

ra-CPBA raefa-chloroperbenzoic acid 

MOM methyloxymethyl 

n.d. not determined 
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Ox 


oxazolidinyl 


PDC 


pyridinium dichromate 


ret. 


retention 


r.s. 


regioselectivity 


SET 


single electron transfer 


TBS 


ferf-butyldimethylsilyl 


TIPS 


triisopropylsilyl 


TMEDA 


iV,iV,iV^',N'-tetramethylethylenediamine 



1 

Introduction and Scope 

1 -Oxygen-substituted alkyllithium derivatives of type 2 were the first “chiral car- 
banions” which were accessible in enantiopure form and proved to be configu- 
rationally stable, at least at temperatures below -40°C [Eq. (1 )] : Still and Sreeku- 
mar cleaved (J?)-l-(benzyloxymethoxy)-l-tributylstannylpropane (1) with n- 
butyllithium and trapped the intermediate lithium compound 2 [1] by dimethyl 
sulfate to give the BOM ether of (S)-2-butanol (3) [2,3]. 



SnBu3 



Bn 



n-BuLi, THF 
-78 °C 
- Bu4Sn 



H 

HaC^' 

Li 






Bn 



M62S04 



CH; 






Bn 



( 1 ) 



Overall, the two-step sequence proceeds with strict retention of configura- 
tion, and it was assumed that both the tin-lithium exchange and the methylation 
occur with retention. The starting material 1 had to be prepared by a four-step 
sequence including a chromatographic racemate resolution via diastereomers. 

The substitution of chiral reagents of the more general type 4 by electrophiles 
leads to enantioenriched products 5; thus reagents 4 serve as synthetic equiva- 
lents for chiral 1 -hydroxyalkanides 6 [Eq. (2)]. 



n1 , 

+ Eix 

Li 

4 




El 

5 



pi R^ 

”© (2) 



In the following years, chiral carbanionic reagents of type 4 [4] became valu- 
able reagents in enantioselective synthesis, mainly due to improved access to 
chiral stannanes of type 1 (Sect. 2.1) and - more importantly - when simple de- 
protonation procedures became available (Sect. 2.4). 

Usually, the selectivities of both the individual steps - formation of the lithi- 
um intermediate and electrophilic substitution - cannot be monitored separate- 
ly, and the product of the two selectivities is measured. Fortunately, it turned 
out, for most carbanion pairs and electrophilic reagents, that the substitution 
step is completely stereospecific (mostly retention, in some cases inversion), 
within the limits of detection. Larger errors only may occur when the rates of 
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(diastereomer) interconversion are similar to the rates of electrophilic substitu- 
tion (see Beak at al in this volume). 

The utility of a chiral carbanionic reagent is mainly: 

1. Access to stereo chemically homogeneous reagents, either by stereospecific or 
highly stereoselective transformations of an already enantiopure precursor 
or a high chiral induction in the preparation from an achiral precursor to 
form an organometallic intermediate, which is configurationally stable under 
the reaction conditions. Generally high configurational stability is found be- 
low -40°C for the sp^-hybridized 1-oxyalkyllithium derivatives of type 4 (R\ 
R^=alkyl; R^=alkyl, R^=H). 

Configurational stability is decreased by adjacent mesomeric groups R^ or R^, 
such as phenyl, 1 -alkenyl, or 1-alkynyl. 

For configurationally unstable “carbanions”, a (thermodynamically driven) 
equilibration between diastereomeric isomers is the method of choice, if the 
difference in free energy is large enough (>2 kcal-mol"^). In rare cases, a dy- 
namic kinetic resolution is possible by preferential crystallization of one di- 
astereomer. 

2. Sufficient reactivity towards the added electrophiles below the temperatures 
of carbanion decomposition or racemization. Usually, aldehydes, methyl io- 
dide, allylic and benzylic bromides, and trialkylsilyl chlorides are the least 
problematic electrophiles in this context. 

3. Convenient access to a broad array of related reagents in a predictable man- 
ner. Certainly, the deprotonation of a simple precursor by strong commercial- 
ly available bases, such as alkyllithium reagents, is the first choice (see 
Sects. 2.4-2. 5). Reductive lithiations are also useful, particularly in the dias- 
tereoselective generation of 2-lithio-tetrahydropyrans and 2-lithio-l,3-diox- 
anes (Sect. 2.1). 

Following the first example published by Evans et al. [5], racemic l-oxy-2-alke- 
nyllithium reagents have subsequently found wide application as homoenolate 
reagents [Eq. (3)] [6, 7]. Electrophiles can attack the y-position in the allylic lith- 
ium reagent 7 leading to the y-adduct 9 in addition to the “normal” a-product 8. 
Hydrolysis of the enol derivative 9 leads to aldehydes or ketones 10. Thus, rea- 
gents 7 are equivalents for homoenolate anions 11. The first configurationally 
stable enantioenriched allyllithium derivatives were discovered by Hoppe and 
Kramer [8], opening the door for enantioselective homoaldol reactions (Sect. 4). 




10 
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Similar issues of regioselectivity arise from the electrophilic substitution of 1 - 
oxy-2-alkynyllithiums 12, which can lead to mixtures of the alkyne 13 and allene 
14 (Sect. 5). The first enantio enriched lithium compound of this type was de- 
scribed in 1991 by Hoppe and coworkers [9]. 
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2 

Non-Mesomerically Stabilized, sp^-Hybridized Lithium 1 -Oxyalkanides 
2.1 

Preparation by Metal-Lithium Exchange 



The classical access, developed by Still, requires the resolution of a racemic 1 -tri- 
alkylstannyl-l-alkanol [2, 3, 10], A great improvement was made by asymmetric 
reduction of acylstannanes 15, which provides the stannyl alcohols 16 with ap- 
prox. 80 to 96% ee [Eq. (5)] [11]. An alternative access, developed by Nakai, uses 
the nucleophilic ring opening of chiral a-stannyl acetals [12]. Another highly 
enantioselective approach starts from chiral (l-chloroalkyl)boronates [13]. 




R'OCHsCI OCHjOR' 
I /-PrgNEt i ^ 

R^SnBus “ R^SnBus 



(5) 



16 



17 

a R' = CHjPh (= BOM) 
b R’ = CHa {& MOM) 



(l-Oxy-2-alkenyl)stannanes can be prepared similarly [11, 14, 15]; these are 
usually applied directly in carbonyl addition reactions. 

The lithiodestannylation by butyllithium in THE proceeds with strict stere- 
oretention, since the reaction starts with an attack at tin in compound 17 to form 
the unstable stannate intermediate 18 and tetraalkyltin is split off [Eq. (6)]. It is 
most likely that the equilibrium of the reaction is shifted towards the products 
due to favorable chelate formation, such as 19a [16]. 
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R SnBu4Li' 
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1® 



- Bu4Sn 



OCH2OR’ 
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19 



(6) 



19a 



L = THF 
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Although carried out with achiral or racemic substrates, a comprehensive 
study by Macdonald and McGarvey uncovered several important features of the 
tin-lithium exchange reaction [16]. The order of thermodynamic stabilities is 
[Eq.(7)j: 



MOMOCH2U > MOMOCHLi > H3CU > 
alkyl 




OMOM 

Li 



> n-BuLi 



> 




(7) 



The alkoxymethoxy substituent greatly contributes to the kinetic and ther- 
modynamic stability of the lithium 1-alkoxyalkanides. However, the 0-benzyl- 
lithium compound 21 undergoes [1,2]-Wittig rearrangement with a high rate, 
comparable to its formation [Eq. (8)]. 




/t-BuLI 
THF, -78 



OLi 




CH 3 



20 



21 



22 




Further evidence for stereoretention in the lithiodestannylation step and in a 
subsequent methylation results from experiments with diastereomeric cy- 
clohexyl derivatives. Transmetallation of the axial and equatorial stannanes ax- 
23 and eq-23 followed by methylation with dimethyl sulfate yielded ethers of the 
respective 1-methylcyclohexanols ax-25 and eq-25 without mutual contamina- 
tion [Eq. (9)] [16]. 






SnBus n-BuLi 



OMOM 



DME, -30 °C 



l_l 



M©2S04 

81% 



CH3 

OMOM 



ax-23 



ax-24 
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(9) 



OMOM n-BuLi 



OMOM 



I DME, -30 °C l_ 

(-Bu^/:=::^snBu3 ► f-Bu-/:=:7^'-, 

6(7-23 eq-24 



M82S04 

f-Bu — A — -y 
eq-25 



90% 



OMOM 

OH 3 



The reaction is less diastereoselective when using alkyl bromides and iodides, 
pointing to radicals being involved [via single-electron transfer (SET) process- 
es] [16]. 

The addition of lithium 1-oxyalkanides 26a to the carbonyl group of alde- 
hydes and ketones usually takes place with very low enantiofacial differentia- 
tion, giving rise to mixtures of (half-protected) syn- and anti-diols 27 [Eq. (10a)] 
[16, 17]. A slight improvement is achieved in the presence of magnesium bro- 
mide [17]. Even the strained lithium compound 29, bearing a lactone moiety, 
could be prepared via lithiodestannylation of 28 and was added onto the enal 30 
to give the allylic alcohol 31 during the synthesis of the taxol ABC system 
[Eq.(lOb)] [18]. 

Lithium 1-methoxyalkanides were found to add to aldehydes with high syn- 
diastereoselectivity after conversion to the corresponding tributylplumbanes 32 
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and a titanium tetrachloride-mediated addition step [Eq. (10c)] [19,20]. Unfor- 
tunately, acetal-type 0-protecting groups are not suitable in these Lewis acid- 
mediated reactions. 



a) 



OBOM 



26 a M = Li 
b M = MgBr 



1. PhCHO 
DME, -65 °C 

2. H2O 



with racemates 



OBOM OBOM 

Ph 

OH 6 h 

27 

M = Li 75% 53:47 
M = MgBr 77% 63:37 
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HaC^SnBua 


1. n-BuLi 

2 . BusPbBr 


OMe 

HgC^PbBua 


PhCHO/TiCU 
-76 “C 


OMe 

OH 


-78 "C 


90% 


94% ee 




32 




94% ee 



An alternative consists of acylation with N,N-dimethylamides and a subse- 
quent diastereoselective reduction [17]. The sequence was applied in the enan- 
tioselective total synthesis of (-t-)-en<io-brevicomin 33 [Eq. (11)] [21]. 



OMOM 






1 . fbBuLi 



OMOM 



SnBus 



2. MeoN 



o v_y 

□ME, -78 ”C 



1 . Zn(BH4)2 
Et,0, -20 ”C 
! , 

O' 'O 2. cat. HCIO 4 
\ — / OHjClj, 0 °C 






H3C 



( 11 ) 



33 

50%. d.r. 96.5:3.5 
98% ee 



There is also one example reported in which a chiral auxiliary was attached 
via the oxygen atom [22]. 

Carboxylation to form O-BOM protected 2-hydroxyalkanoic acid 34 is a very 
facile reaction [Eq. (12)] [23]. 



1. n-BuLi, DME 

OBOM 2 . CO2 OBOM 

^s^^^SnBug ^78 og " (12) 

17a 34 

95% ee 

Clean 1,4-addition of the lithium intermediate was also observed onto 
iV,iV,iV^'-trimethylacryloyl hydrazide 35 and the resulting 4-MOMO-alkanoyl hy- 
drazide 36 was cyclized to give the enantioenriched y-lactone 37 without loss of 
optical purity [Eq. (13)] [24]. 
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OMOM 



17b 

93% ee 



1./7-BuU,THF,- 78 °C 
2- Me 



3. H 2 O 



O 35 






50% 



OMOM Me 



36 



HCIO 4 , CH 2 CI 2 
r.t. 



85% 



37 

90% ee 



(13) 



Attempts have been made to transform the enantioenriched lithium 1- 
alkoxyalkanides into cuprates to enable 1,4-addition onto 2-alkenones. The 
yields are good, however in most examples racemization is observed [25, 26]. 

In contrast, with cuprates derived from 2-lithiotetrahydropyrans and 4- 
lithio-l,3-dioxanes, bearing at least one further stereogenic center, the stereo- 
chemical integrity is maintained. 

The lithium cuprates 39, prepared from a- and |3-2-deoxy-D-glucopyranosyl- 
stannanes a- and P-38 are configurationally stable and provide the correspond- 
ing Michael addition products 40 on reaction with methyl vinyl ketone 
[Eq. (14)] [27]. The cuprates a-39 [28] and 41 [29] have been used by Kocienski 
et al. for allylic substitution at -molybdenum complexes. 





a-38 



a-39 



a-40 



a) n-BuLi, THF, -78 ”C. b) CuBr-MejS, THF/FPrzS, -78 ”C. 
c) i) methyl vinyl ketone ii) BF 3 *OEt 2 , -78 ®C. 



TIPSO 




In summary, lithium open-chain and cyclic 1 -oxyalkanides are configuration- 
ally stable at temperatures below -40°C and react with external electrophiles 
with strict retention of configuration. 



2.2 

Preparation by Reductive Lithiation 



A powerful access to lithium carbanions is from phenylthio ethers and acetals 
using lithium radical anions such as lithium naphthalenide (42a, LN), 8-{N,N- 
dimethylamino)-naphthalenide (42b, LDMAN) or 4,4’-di(terf-butyl)biphenyle- 
nide (42c, LDBB) [Eq. (15)] [30-32]. The reaction is not usually stereospecific 
since a configurationally labile radical 43 is involved [Eq. (15)] [33]. 
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42a 42b 42c 





CH(OH)Ph 

ax-48 

78%, dr. = 95:5 



l^^^^CZ^oCLcH{OH)Ph 

eq-i8 

56%, d.r. = 87:13 



Starting from each diastereomer of the racemic tra«5-fused 2-phenylthio-l-ox- 
adecalin 45 on treatment with 2 equivalents of LDMAN (42b) in THF at -78°C, 
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and subsequent trapping of the lithium intermediates 47 with benzaldehyde, the 
same ratio of alcohols ax-48 and eq-48 (95:5) is produced [33]. If the lithium 
compounds 47 are kept at -30°C in the presence of TMEDA before aldehyde ad- 
dition, the ratio ax-48:eq-48 shifts to 13:87. It is generally found for the reductive 
lithiation of tetrahydropyrans and l,3-dioxanes,that reduction of the radical 46 
by a further radical anion and scavenging of the lithium carbanion pair prefer- 
entially proceeds from the axial face to produce the thermodynamically less sta- 
ble axial hthiated heterocycle. On equilibration at -30°C, the more stable equa- 
torial epimer is formed; the addition step occurs again with retention of the con- 
figuration. 

Similar results were recorded by Rychnovsky when reducing the (3-S-phenyl- 
2-deoxythiopyranoside49 [Eq. (17)] [34]. This approach had been reported pre- 
viously by Sinay and coworkers [35] and was utilized for efficient carbohydrate 
substitution [36,37]. 



1. LDBB,THF,-78 “C 




-78 °C: 81%, 97.7:3.3 
-20”C:59%, 1,2:98.8 



In Sinay’s research group, the use of 2-deoxy-D-glucopyranosyl phenyl sul- 
fones as carbanion precursors has been extensively investigated [38-40]. Depro- 
tonation adjacent to the phenylsulfonyl moiety allows for the introduction of 
carbon electrophiles at the anomeric center. Reductive desulfonylation of 50 
(with LN, 42a) leads via the axial hthium compound 51 to the 1-P-substituted 
deoxyglucopyranose 52 following stereospecific protonation using methanol 
[Eq.(18)] [39]. 




42a 

THF, -78 °C 
15 min 



(18) 



R = TBS 



The discussed methods are not applicable to pyranosides, bearing a protected 
2-oxy group, because 1,2-elimination of alkoxide to form the glycal becomes the 
main reaction [37]. 
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Glycosyl chlorides can also serve as substrates for reductive lithiations [28, 
35]. Kessler et al. managed to “protect” a free 2-hydroxy group against elimina- 
tion by deprotonation of the a-3,4,6-0-tribenzyl-D-glucopyranosyl chloride 
(53) before reductive lithiation [Eq. (19)] [41]; carboxylation of the a-lithio 
compound 54 and subsequent 0-acylation provided the heptonic acid a-55. For 
the synthesis of the (3-carboxylic acid (1-55, lithium-tin exchange in the corre- 
sponding (3-glucopyranosyltriphenylstannane 56 was the key step [41]. The 
methods could be extended to 2-amino-2-deoxy derivatives [42]. 
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Rychnovsky et al. initially prepared 4-lithio-l,3-dioxanes by reductive lithia- 
tion of the 4-phenylthio derivatives 57 [Eq. (20)] [43, 44]. The stereochemical 
features resemble those of the 2-lithiotetrahydropyrans (vide supra). Again, the 
axial lithium compound ax-58 is formed under kinetic conditions, but the equa- 
torial diastereomer eq-58 is favored by >4 kcal-mol”'; this has been verified by 
quantum-chemical calculations at a high level [44]. Organocuprates derived 
from reagents such as ax-58 behave well [44]. 
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The reductive lithiation has been extended to 4-cyano-l,3-dioxanes such as 
60 [Eq. (21)] [45]. Obviously, protonation of the axial lithium intermediate 63 is 
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the most useful substitution reaction. Carbon-carbon coupling is accomplished 
at the stage of the nitrile anion such as 61. Under carefully worked out conditions 
(lithium diethylamide, DMPU), equatorial double alkylation is observed. Decy- 
anation by means of lithium in ammonia (62— >63— >64) proceeds with retention 
of configuration. The method offers also a powerful tool for the synthesis of 
1,3,5,7-polyols by sequential 1,3-induction. These elegant steps have been ap- 
plied successfully several times in the total syntheses of natural macrocylic 
polyhydroxy-containing antibiotics [46-52] ; commentaries [53,54]. 
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1. Li, NH 3 (I) 
-78 “C 

2. H 2 O 



62 X=CN 

63 X = Li 

64 X = H 69% 



2.3 

Preparation by Stereospecific Deprotonation 



The combination of the enhanced s-character of the CH-bond by ring strain to- 
gether with a strong inductively electron-withdrawing substituent leads to a suf- 
ficient acidification for the deprotonation of (S)-2-(trifluoromethyl)oxirane 65 
which leads to the chemically and configurationally stable lithium compound 66 
[Eq. (22)] [55]. The latter adds to carbonyl compounds in high yields and also 
reacts with triphenylsilyl and -stannyl chloride, and as well with methyl iodide 
with complete retention of stereochemistry in the product 67. 
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( 22 ) 



Cyclopropyl carbamates are sufficiently acidic to be deprotonated by «- or sec- 
butyllithium, leading to configurationally stable lithium compounds 
(Sect. 2.5.3) [56,57]. 
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2.4 

Preparation by Diastereoselective Deprotonation 



Dialkyl ethers and alkyl carboxylates, lacking mesomerically stabilizing substit- 
uents, cannot be deprotonated (due to insufficient acidity) under mild enough 
conditions which guarantee the persistence of the resulting “carbanions”; this is 
also true if the powerful Schlosser-Lochmann bases are used [58-61]. We were 
able to solve this problem by using alkyl W,W-dialkylcarbamates 68 [Eq. (23)] 
[62-64] in non-polar solvents (diethyl ether, pentane, toluene), with sec-butyl- 
lithium, in the presence of TMEDA. Under these conditions smooth removal of 
an a-proton proceeds with formation of the chelate complex 69, which is 
trapped by electrophiles to give the racemic adducts 70. We preferentially used 
2,2,4,4-tetraalkyl-l,3-oxazolines as the amide component, because the aminoa- 
cetal is more easily cleaved to the alcohol 72 than in the corresponding N,N-di- 
isopropylcarbamates. 
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Acidic hydrolysis affords the hydroxyalkylurethanes 71, which are cleaved un- 
der basic conditions with neighboring group participation by the hydroxy 
group. The use of less basic barium hydroxide, as proposed in ref. [62], is supe- 
rior when chiral substrates, prone to racemization, are handled. 

Secondary alkyl carbamates, such as the 0-isopropyl or the 0-cyclohexyl de- 
rivatives could not be deprotonated. However, the optically active l-(trimethyl- 
silyl) ethyl carbamate 73 reacts smoothly and is substituted with overall reten- 
tion of configuration [Eq. (24)] [56]. 
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In the presence of (-)-sparteine, efficient enantiotopic differentiation is 
caused by this chiral external ligand (Sect. 2.5). In the current section we deal 
with internal chiral induction in chiral alkyl carbamates. 

Two effects are operative in the kinetic diastereotopic selection during the de- 
protonation reaction of a chiral carbamate; Minimizing steric bulk in the transi- 
tion state and, eventually, achieving favorable complexation of the lithium cati- 
on by further heteroatom substituents in the substrate. The first effect was stud- 
ied with 2-arylpropyl-type carbamates 75 and 80 [Eq. (25)] [65]. Surprisingly, 
the reactions of the 2-phenylpropyl and the 1,2,3,4-tetrahydronaphth-l-yl deriv- 
atives (75 and 80) take opposite directions. After kinetically controlled deproto- 
nation of rac-75 with sec-butyllithium, followed by carboxylation and ester for- 
mation, the diastereomeric carboxylic esters rac-78 and rac-79 were formed in a 
ratio of 95:5. Since all reactions proceed with retention of the configuration and 
the lithium carbanions are configurationally stable, it is concluded that the re- 
moval of the pro-S proton from {R)-75 to form 76-TMEDA is about 20 times 
more rapid than formation of 77-TMEDA. In {R)-80, however, preference for the 
abstraction of the pro-R proton is approx. 7 times greater than for the pro-S pro- 
ton [Eq. (25)]. The origin of the difference results from the conformational re- 
striction of substrate 80 by inclusion of the carbanionic center into the ring sys- 
tem. Even simple PM3 calculations on the transition state energies reflect this 
trend semi-quantitatively [66]. 




s-BuLi, TMEDA 
ElgO, -78 °C 



rac-75 



CHa 

Ph-V0“" 

Li-TMEDA 



1. CO 2 

2 . CH2N2 



rao76 



CH 3 

C02Me 

rac-78 



CHa ICO2 

p^A^OCby 

Li-TMEDA 

rao-77 



CHa 

p^A^OCby 

CO2M6 

rac-79 





rac-82 



(25) 



(S)-2-(M,M-Dibenzylamino)alkyl carbamates 83, prepared by a few synthetic 
steps from L-amino acids, are easily deprotonated by means of sec-butyllithi- 
um/TMEDA [Eq. (26)] [63, 67, 68]. A selection between the diastereotopic pro- 
tons pro-R-H and pro-S-H takes place to give the lithium carbanions 85 and 87 
which are formed in unequal amounts, and these are trapped with strict stere- 
oretention by several electrophiles (MeOD, CO 2 , ClC02Et, MejSiCl, R 3 SnCl, Mel, 
aldehydes, ketones and acid chlorides). The substrate- induced stereoselection is 
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best (approx. 9:1 in favor of the pro-R proton) when R is a -unbranched residue 
such as CH 3 CH 2 or CgH 5 CH 2 of medium size leading to product 86 (Table 1) 
[ 68 ]. The opposite diastereomer 88 predominates slightly when R is CH3, CgHj 
or (CH 3 ) 2 CH. 



Hr Hs 

BnjN H 

83 



s-BuLi 

TMEDA 



EtgO 
-78 “C 



'‘Lir 



• • \ / 
BngN H 



Bn. 



L L 

R X 

in 2 N H ^ 

85 



R X A X 
/h 

87 



+ EIX 



i-EIX 



H El O Y 
BnjN H ' ' 






BngN H 



88 



(26) 



ab cd6 fgh i j k 

El = D COoMe SiMea SnBua SnMea CH 3 PhCHj (CHajjCOH PhCO i-PrCO EtCO 



The deprotonation step is kinetically controlled. The experimental evidence 
[ 68 ] leads to the conclusion that the dibenzylamino group does not act as a com- 
plexing Lewis base but by exerting its steric bulk. The relative rate of competing 
diastereomeric transition states is determined by the relative free energies of 
TS84a$ and TS84b$ (Fig. 1); calculations are in progress. 

The deprotection of the hydroxy group proceeds smoothly by methanolysis in 
the presence of methanesulfonic acid, followed by KOH or by 5 N aqueous hy- 
drochloric acid, followed by KOH, or in a one-step reductive deprotection pro- 
cedure with LiAlH 4 in THF [ 68 ]. The removal of the N-benzyl groups by Pd-cat- 
alyzed hydrogenolysis is possible. 

A more convenient iV-protecting group for aminoalkyl carbamates, diphenyl- 
methylidene, [69] was explored by Boie and Hoppe [Eq. (27)] [70]. Alkyl car- 
bamate 89, derived from (R) -2-amino- 1 -butanol was smoothly deprotonated by 



Table 1. Substrate-induced diastereoselectivity in the deprotonation of carbamates 83 by s- 
BuLi/TMEDA 



83 


R 


85:87“ 


b 


CH3 


38:62 


c 


CH3CH2 


88:12 


d 


(CH3)2CHCH2 


82:18 


e 


(CH3)2CH 


40:60 


f 


C6H5CH2 


90:10 


g 


CAs 


40:60 


h 


Bn2N(CH2)3 


83:17 



“Concluded from the average ratio of products 86 and 88 from several experiments. 
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84 H 



Ox 

A 



O' 

Hs-^Hr-'-s-Bu 



NBng 

TS84a 



- s-BuHr 



Ox 

0^0 

s-Bu'— -H^H r 
R 

TS84b 



- s-BuHs 



Fig.1. 



Ox 

A. 



o' ^o 

Ry+vH,' 



Hs 






TMEDA 



NBng 

85 



Ox 

0^0 
\ H^NBri2 

TMEDAU'^Hr 



87 




5ec-BuLi/TMEDA in diethyl ether and trapped with electrophiles (such as tri- 
methylsilyl chloride, trimethyltin chloride, n-alkyl iodides and pivaloyl chlo- 
ride) to form the diastereomers 90 and 91 in yields between 34 and 91 %. The ra- 
tios 90/91 (~3:1) are decreased in comparison to the corresponding N,N-diben- 
zylamines (9:1). Removing both protecting groups in 90/9 1 turned out to be pos- 
sible by refluxing with 6 N hydrochloric acid in THF/water. The crude hydro- 
chlorides were converted using benzoyl chloride to the benzamides 92/93 which 
could be separated by chromatography. Further examples demonstrate that the 
method is also applicable to the analogous phenylalaninol derivative [70]. Un- 
fortunately, if the slower-reacting base (-)-sparteine/s-BuLi is applied, only low 
yields are obtained since addition of sec-butyllithium onto the phenyl rings in 
the imino moiety competes [70]. 



Ph 

Ph-^N 

HsC^X^OCby 

89 



1. s-BuLi, TMEDA 
EtjO, -78 ”C, 4 h 

2. EIX 

34-91% 



Ph 

A 

Ph^^N 

HsC^A^EI 

bcby 

90 



Ph 




OCby 



91 



1.6N HCI, THF, 65°C, 1h. 

2. NaOH, pH 12. 

3. 3 eq PhCOCI, 0 °C ^ r.t. 

O 

X 

Ph'^NH 
HaC^^EI 

6h 




92 



93 



(27) 



The iV,J/-dibenzylphenylalaninol derivative 94 offers a facile entry to stereo- 
chemically homogeneous a,6-diamino-(5,Y-alkanediols such as the bis-Boc-pro- 
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tected compounds 97 and 100, which represent partial structures of some effi- 
cient HIV protease inhibitors [Eq. (28)] [71]. 



BngN 




s-BuLi,TMEDA 
EtsO. -78 “C 



BriaN 



LITMEDA 



94 95 





0 


0 


H'"%^Ph 


BnO^^^'"^^Ph 


SjBns 


NBri2 




UAIH4. THF 



LiAIH4, THF 




(28) 



Pd/C, Hj 
MeOH/HjO 



Pd/C, H2 
MeOH/HzO 



OH NHs 



H2N OH 




(Boc)20 

B3N 



(B0C)20 

EI3N 




Deprotonation of 94 and subsequent addition of 95 to (S)-N,N-dibenzylphe- 
nylalaninal afforded a diastereomerically homogeneous adduct 96 (yield: 61 %). 
Surprisingly, no diastereomeric impurities, arising from the epimer of type 91 
could be detected. Most probably, double stereoselection [72] leads to a further 
enrichment via the matched pair. Acylation of 95 using (S)-N,iV-dibenzylalanine 
benzyl ester yielded the ketone 98; its reduction by LiAlH 4 gave rise to the 
epimeric alcohol 99. Each compound was converted by standard procedures to 
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the bis(Boc)diamino derivatives 97 and 100, respectively. A number of constitu- 
tional analogues and stereoisomers could be prepared by combining substrates 
of type 95 with optically active aldehydes or esters in a highly stereoselective 
brick-box system [71]. 

Compared to open-chain 2-(Nd^-dibenzylamino)alkyl carbamates, the {S)-N- 
benzylprolinol carbamate 101 exhibits atypical reactivity [Eq. (29)] [67, 73] . De- 
protonation by sec-butyllithium in ether at -78 °C proceeds rapidly even if no 
complexing diamine [TMEDA or (-)-sparteine] is added, and scavenging of the 
lithium intermediate 102 by electrophiles forms diastereomerically pure prod- 
ucts 103a-e (Table 2). These are derived by substitution of the pro-R proton. 
When TMEDA or (-)-sparteine is added no change of the diastereoselectivity is 
observed. We conclude from these facts that the prolinyl nitrogen atom takes 
part in the deprotonation by complexing the lithium base, eventually giving rise 
to the bicyclic chelate complex 102a. Obviously, the intramolecular chelation is 
supported by the more rigid conformation of the cyclic carbamate and the less 
shielded lone electron pair at the prolinyl nitrogen atom. Allylation leads to a di- 
astereomeric mixture of 103g and 104g, presumably caused by single-electron 
transfer processes (SET) during alkylation. 




103 104 

dr. > 95:5 



Table 2. [Table to Eq. (29)] 



103 


E1(X) 


Yield [%] 


a 


Me(I) 


73 


b 


MeOCO(Cl) 


84 


c 


MejSilCl) 


33® 


d 


BujSnlCl) 


71® 


e 


Me2C-OH 


33® 


f 


i-PrCH-OH 


85®’*' 


g 


CH2=CH-CH2(Br) 


82®>‘^ 



“ TMEDA was added in these experiments. 

Diastereomeric mixture (d.r.=73:27) in respect to 
the carbinol moiety. 
d.r.=60:40 
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Similar features are observed when the homologous iV-benzyl-2-piperid- 
inemethanol carbamate rac-105 was treated with achiral base [Eq. (30)] [73]. 
Again, one diastereomer rac-108, formed by an uZ-process in the deprotonation 
step, was highly favored. In the presence of TMEDA, the yield is increased but 
the d.r. decreased. The intermediate rac-106 arises from the abstraction of the 
pro-S proton in (i?)-105, and the pro-R proton in (S)-105. Deprotonation under 
the influence of (-)-sparteine with concomitant kinetic resolution is a conven- 
ient access to enantioenriched material; 108 was produced with 94% ee 
(Sect. 2.5.4) [73,74]. 




rac-105 



s-BuLi, TMEDA 
EtjO, -78 °C 





OCby 



CICOaMe 





without TMEDA 49%, dr. = 92:8 
with TMEDA 80%. d.r. = 85: 1 5 



(30) 



In the lithiated dicarbamate 111 of (S)-2-(dibenzylamino)-l,4-butanediol 
(derived from L-aspartic acid) the 4-carbamoyloxy group also possesses a high 
tendency for intramolecular complexation [Eq. (31)] [75, 76]. The favorable 
equatorial positions of the dibenzylamino and 1 -carbamate groups are dis- 
played in the transition state of the deprotonation. When treated with sec-butyl- 
lithium in ether or THE, the bicyclic chelate complex 111 is formed exclusively 
by removal of the pro-S- IH atom. Trapping of 111 by many types of electrophiles 
gives stereohomogeneous substitution products 112 [Eq. (31), Table 3]. Since 
deprotection proceeds easily by the usual means, anion 111 constitutes a syn- 
thetic equivalent of the synthon 114. No deprotonation in the 4-position was de- 
tected, however this can be achieved by “protecting” thepro-S-lH by conversion 
to deuterium (see below and Sect. 2.5). 




BngN Hg Hr 



s-BuLi, Et20 orTHF 
-78 “C, 5 h 



110 





(31) 



El 

NBn2 

112 



El 

UBr\2 



113 



HQ H 

NBho 



114 



d.r. > 98:2 
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Table 3. Compounds 1 12 prepared from dicarbamate 1 10 via bis-chelate 
to Eq. (31)] 


complex 111 [Table 


112® 


El 


EIX 


Yield [%] 


a 


D 


MeOD 


96 


b 


Me 


Mel 


93 


c 


C 02 Me 


CO 2 '' 


92 


d 


MeCO 


MeCOOEt 


47 


e 


PhCO 


PhCOCl 


78 


f 


EtCO 


EtCOCl 


67 


g 


(£)-CH 3 CH=CHC 0 


(E)-CH3CH=CHC0C1 


80 


h 


MeCH(NBn 2 )CO 


MeCH(NBn 2 )COOBn 


45 


i 


MejCOH 


Me^CO 


85 


i 


i-PrjCOH 


i-PrjCO 


74 


k 


PhjCOH 


PhjCO 


74 


1 


C 5 H 10 COH 


C 5 H 10 CO 


52 


m 


MejSi 


Me 3 SiCl 


76 


n 


Me 3 Sn 


Me 3 SnCl 


75 


0 


PhS 


PhSSPh 


73 


P 


MeS 


MeSSMe 


53 


q 


PhSe 


PhSeCl 


61 


r 


PhjP 


PhjPCl 


56 


s 


HeXjB 


HeXjBCl 


52 



^ All products with d.s. and r.s. >98%. 

’’ The crude acid was converted into the methyl ester by treatment with diazomethane. 



Diastereoselectivity, surprisingly high for the reaction type (83:17 to 93:7), at 
the C=0 group is observed in the addition of the chelate complex 111 onto achi- 
ral aldehydes [Eq. (32), Table 4] [76]. The major product 115 was deprotected to 
form the N,N-dibenzylaminotriol 117. 




1 . s-BuLi 

EtaO. -78 ^C. 5 h 

2. RCHO 



110 



OCby 




OCby 




jy + 




NBng 




HO I^Bn; 


115 




116 



^OCby 



UAIH 4 , THF 
reflux, 16 h 



UAIH 4 . THF (32) 
reflux, 16 h 




117 



The importance of the donor group in the 4-position is evident from the fol- 
lowing experiments: the 4-0-TBS 1 -monocarbamate 118 could not be deproto- 
nated at all [77], but the 4-0-methyl monocarbamate 119 is lithiated and substi- 
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Table 4. Addition products 115 and 1 16 from aldehydes [Table to Eq. (32)] 


Aldehyde 


R 


Products 


Combined 
yield [%] 


Ratio 

115:116 


MeCHO 


Me 


115a, 116a 


68 


93:7“ 


EtCHO 


Et 


115b, 116b 


75 


88:12“ 


i-PrCHO 


i-Pr 


115c, 116c 


74 


83:17 


t-BuCHO 


t-Bu 


115d, 116d 


77 


83:17 


PhCHO 


Ph 


115e, 116e 


78 


84:16 


c-PrCHO 


c-Pr 


115f, 116f 


76 


83:17 



“Not separated. 



tuted in the 1 -position to form the product 120 with the usual high diastereose- 
lectivity [Eq. (33), Table 5] [77]. 




118R = TBDMS 
119R = Me 



s-BuLi, Et20 
-78 °C, 5 h 
R = Me 



BnjN 




Me 



s-BuLi, Et20 
-78 °C, 5 h 



R = TBDMS 



EIX 

-78 °C, 3 h 
-> r.t. 



(33) 



no deprotonation El 




NBng 

120 



Table 5. Substitution products 120 via lithiation of functionalized 4-0-methyl monocar- 
bamate 119 [Table to Eq. (33)] 



120“ 


El 


EIX 


Yield [%] 


a 


COjMe 


C02» 


86 


b 


SiMej 


MejSiCl 


65 


c 


Me2COH 


Me2CO 


64 


d 


C2H5CO 


C2H5COCI 


64 


e 


(£)-CH3HC=CHC0 


(£)-CH3HC=CHC0C1 


78 



“All products with d.r. > 98:2. 

The crude acid was converted into the methyl ester by treatment with diazomethane. 



In the 1-monosubstituted dicarbamates of type 112, 4-deprotonation and4- 
substitution are possible, but the induced diastereoselectivity is low and there- 
fore the application of (-)-sparteine as an external source of stereo directing 
power is required [76]. 
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Highly diastereoselective, substrate-induced lithiation and substitution in 
the 4-position is possible when the 1-Cby group is exchanged for a non-com- 
plexing ligand and the amino group [Eq. (34)] is turned into a f/,JV-dimethyl- 
amino group [77]. Carboxylic ester 122 was obtained from the 4-carbamate 121, 
albeit in modest yield [Eq. (34)]. 



TBSO 



^OCby 



s-BuLi, Et20 
-78 °C. 5 h 



. TBSO 



MegN Hs 



MeaN- 



CICOgMe 

52% 



TBSO 



^OCby 



M62N CO2M6 



(34) 



122 

d.r. > 98 



Similar trends are observed for lithiations of the (S)-2-(f/,f/-dibenzylami- 
no)pentane- 1,5-diol derivative [75]; the development of reliable procedures is in 
progress. 

Oxygen groups with high chelating ability, when positioned at a stereogenic 
center in the 3- or 4-position of the alkyl carbamate, are able to direct efficiently 
the selection between diastereotopic a-protons. Use of (S)-l,3-butanediol dicar- 
bamate 123 in the substrate-directed deprotonation leads preferentially to the 
exo-methyl-substituted bicyclic chelate complex 124 which is trapped by methyl 
iodide to form the meso-2,4-pentanediol dicarbamate (i?,S)-125 [Eq. (35)] [78]. 



s-BuLi, TMEDA 
EtgO 

-78 °C 



123 



H 3 C. 



COxO Hr 



OCbx 



(T ? ^ 

O, ^Li— O 

Ox^O' OEt2 

124 



Mel 

44% 



H 3 C, 
CbxO 



OCbx 
CH 3 



H 3 C, 



CH 3 



CbxO OCbx 



H 3 C, 



„-CH3 



(fl,S)-125 



CbxO OCbx 
(S,S)-125 



(35) 



d r. = 98:2 



Cbx = 




Similarly, the homologous dicarbamate 126 gives, by the same reaction se- 
quence, the chiral dicarbamate (S,S)-127 in excess; ratio (S,S):(J?,S)-127=88:12 
[Eq.(36)] [78]. 




OCby 

126 



1 . s-BuLi 

2. Mel 
60% 



9H3 

OCby 

(S,S)-127 

d.r. 




OCby 

(S,R)-127 

88:12 



(36) 
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In 123, the internal chiral induction can be overridden by the external ligand 
(-)-sparteine (Sect. 2.5.4) [78]. 

An interesting carbanionic building block 129 serves as an enantiopure syn- 
thetic equivalent for the 1,3,4-trihydroxybutanide ion 133 and was prepared by 
substrate-directed deprotonation of (S)-3,4-0-isopropylidene-l,3,4-butanetriol 
carbamate 128 [Eq. (37)] [79], which was prepared in a few steps from (S)-mahc 
acid. When s-BuLi in ether is used for deprotonation, subsequent electrophilic 
trapping provides almost diastereomerically pure (d.r.>95:5) products 130 
(Table 6). The presence of TMEDA decreases the stereoselectivity to 75:35. Pre- 
sumably, this bidentate ligand competes with the acetonide oxygen atom for lith- 
ium complexation. The substitution products 130 arise from the formal exchange 
of the pro-S proton by the electrophile. From this, the tricyclic chelate complex 
129 is concluded to be the decisive intermediate. On the other hand, addition of 
(-)-sparteine, which supports the pro-S-selective deprotonation (Sect. 2.5) in- 
creases the diastereomeric ratio to greater than 99:1. The conformational rigidity 
of the dioxolane ring is important for achieving high diastereoselectivity, since 
the 3,4-dimethoxy derivative 134 reacts quite unselectively (d.r.=65:35) [79]. 





130 









o El 



132 




133 134 



The (1-deuterated) diastereomers 135 are accessible via deuteration and 
TMEDA-assisted removal of the remaining proton [Eq. (38)] [79]. In other 
words, the extraordinarily high kinetic H/D isotope effect permits the utilization 
of deuterium as a “protecting group” against deprotonation. 
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Table 6. Deprotonation of the acetonide 128 and reaction with 
Eq.(37)] 


various electrophiles [Table to 


Additive (L) 


Product 


E1(X) 


Yield [%] 


130:132 


Et20 


130a 


MejSnfCl) 


63 


98:2 


TMEDA 


130a 


MejSnfCl) 


71 


75:35 


(-)-sparteine 


130a 


MejSnlCl) 


61 


>99:1 


(+)-sparteine 


130a 


MejSnlCl) 


75 


28:72 


Et20 


130b 


Me(i) 


70 


>95:5 


Et20 


130c 


MeOCO(OMe) 


35 


98:2 


Et20 


130d 


HCO(OEt) 


69 


96:4 


Et20 


130e 


i-PrCO(Ci) 


57 


>95:5 


Et20 


130f 


EiX=Ph2CO 


76 


>95:5 


Et20 


130g 


(£)-CH3HC=CHCO(Ci) 


39 


>95:5 


Et20 


130h 


MeCH(NBn) 2 CO(OBn) 


51 


>95:5 


Et20 


130i 


ElX=-valeroiactone 


62 


>95:5 



OCby 



'^6 Hs* Hr 



1 . s-BuLi, EtjO 

2. MeOD 




s-BuLi, TMEDA 
-78 ”C 



128 



(S)-[1D]-128 



(38) 

OCby 



2 

Although these deprotonations are kinetically controlled we were surprised 
to learn that simple semiempirical (PM3) calculations on the diastereomeric 
lithium intermediates are consistent with the observed selectivities [80]. Appar- 
ently, similar structural features determine the relative energies of the diastere- 
omeric transition states and diastereomeric ground states in these internal 
chelate-directed lithiations. A further conclusion can be drawn (with more un- 
certainty): due to the favorable complexation of the lithium cation by four donor 
ligands, most intermediates (if not all) are monomeric and have a very low ten- 
dency for oligomerization. 




MesSiCI 

45% 
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2.5 

Preparation by (-)-Sparteine-Assisted Deprotonation of Alkyl Carbamates 
2.5.1 

Scope of the Reaction with Achiral Alkyl Carbamates 

As Hoppe, Hintze and Tebben published in 1990 [62], the alkyl esters of 2,2,4,4- 
tetraalkyl-l,3-oxazolidine-3-carboxyhc acids are smoothly deprotonated by sec- 
butyllithium/(-)-sparteine [64, 81, 82] to form the lithium intermediate 140 
[Eq. (39)]. The pro-S proton is removed with high selectivity over the pro-R pro- 
ton (approx. kjgi=50:l). (-)-Sparteine (as the free diamine base) is commercially 
available [83]. The enantiomer (-t-)-sparteine, which supports the removal of the 
pro-R proton, is less conveniently accessible: in gram-scale from bitter lupine 
seed, including a racemate resolution [84], The chelate complexes 140 are con- 
figurationally stable below -40°C and do not interconvert with the epimers 141; 
the reaction with many electrophiles yields the products 142 with strict stereore- 
tention. It is likely that 138, s-BuLi and (-)-sparteine associate in a complex 139 
in which base and C-H bond are brought tightly together and, in addition, the 
deprotonation proceeds in the vicinity of the chiral ligand (-)-sparteine. The 
space left at the lithium cation by the cis-annulated six-membered ring of (-)- 
sparteine [right-hand peripheral piperidine ring in Eq. (39)] seems to be impor- 
tant for forming the reactive conformation of the deprotonation: it was observed 
that the C 2 -symmetric diastereomer (-)-a-isosparteine 144 (Fig. 2), having both 
piperidine rings in traMS-arrangements,is not able to support the deprotonation 
of alkyl carbamates [85]. 




142 140 141 enf-142 



configurationally stable 

An unusually high kinetic acidity results for the protons at the methylene 
group, although the reaction is close to its thermodynamic limits. We were sur- 
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143 

(-)-sparteine 





144 

(-)-a-isosparteine 



(R,fl)-145 



Fig. 2. 

prised to learn that the slightly less basic n-butyllithium is not strong enough for 
achieving this deprotonation. It should be noted that ferf-butyllithium also does 
not support the deprotonation, presumably for steric reasons (see below). High- 
ly branched N-alkyl groups in the carbamate residue are required in order to 
prevent carbanionic attack at the carbonyl group. Unlike the N,N-diisopro- 
pylamino group, which we used in allyl carbamates to serve this latter purpose, 
the oxazolidine ring in 138/142 offers an aminoacetal moiety for acidic cleavage 
[86] . The 2,2,4,4-tetramethyl substitution in the Cby group gives rise to better re- 
solved ^H-NMR spectra than the initially applied (cyclohexane)spiro(oxazoli- 
dine) group (Cbx) group does [Eq. (35)]. 

Usually, stirring the alkyl carbamate with 1.5 equiv. of the chiral base in di- 
ethyl ether, toluene or pentane at -78°C for 4 to 6 h gives the best results. THE is 
suitable only for non-enantioselective deprotonations, since it displaces (-)- 
sparteine at lithium [87]. The mechanistic features are discussed in Sect. 2.5.2. 
In order to demonstrate the scope of the reaction, a number of representative ex- 
amples are collected in Eq. (40). A fair number of electrophiles have been intro- 
duced. 

Unbranched and substituted alkyl carbamates, such as 146 or 147 [62, 88] do 
not cause any problems in the deprotonation step. Deuteration (with CH3OD or 
dissolved CH3CO2D), methoxycarbonylation (gaseous CO2, followed by dia- 
zomethane after work-up; or methyl chloroformate), alkylation with methyl io- 
dide, substitution with trialkylsilyl chlorides, trialkyltin chlorides and even tri- 
methyllead bromide, addition onto aldehydes and ketones, and acylation with 
acid chlorides or esters, all proceed without difficulties. Although a ketone is 
formed in the latter reactions, which is at least 15 orders of magnitude thermo- 
dynamically more acidic than the alkyl carbamate we never observed enolate 
formation, racemization or epimerization - with one exception: it occurred to 
some extent after formylation with formate esters [79]. 

Methylations with methyl iodide were observed to proceed with high yields 
and stereoselectivities. Longer-chain alkyl iodides failed in most attempts. Allyl 
bromide reacts smoothly - however, products of low enantio enrichment (see 
146g) result. We explain the fact by a single electron transfer (SET) during the 
alkylation. The intermediate formation of a mesomerically stabilized allyl radi- 
cal supports the SET pathway [89]. A solution to this problem was most recently 
published by Taylor and Papillon who converted a lithio carbamate into the cor- 
responding zinc cuprate prior to allylation [90]. Studies on the stereochemistry 
in a few metal-exchange reactions have been published by Nakai et al. [91]. 
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The high directing effect of the OCby group is best demonstrated with the 3- 
(2-methoxyphenyl)propyl carbamate 153a [64, 94]. Although fairly acidic pro- 
tons are available in the benzylic position and in the 3-position of the aryl resi- 
due, the deprotonation occurs exclusively in the a-position, leading after acyla- 
tion by benzoyl chloride to the phenyl ketone 153b in high yield and high enan- 
tiomeric purity. 

The presence of 2- and 3-dibenzylamino [63, 67, 68, 95] and as well 3- or 4- 
OCby [78, 96] or 4- or 5-TBSO groups [97, 98] (compounds 155a - 159a) does 
not interfere. The presence of a remote dibenzylamino group at a stereogenic 
center in combination with an co-carbamoyloxy group in the dicarbamate 160a 
does not decrease the pro-S selectivity in the (-)-sparteine-mediated deprotona- 
tion step [75,77,99]. 
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2.5.2 

Mechanism of Alkyl Carbamate Deprotonation and Substitution 

From the experimental evidence is concluded that the ternary complex 139 is the 
decisive intermediate and the competition between the diastereomeric 
pathways A and B [Eq. (39)] determines the stereoselectivity by forming the di- 
astereomeric complexes 140 and 141 with different rates in the magnitude 
kHs/^HR ^ 50. 

The ethyl carbamate 146b, obtained by (-)-sparteine-mediated lithiation and 
deuterolysis (performed twice) with a D-content of >99% and 98% ee, reacted 
extremely sluggishly with sec-butyllithium/(-)-sparteine and provided only 
traces of the expected silane 146d [Eq. (41)] [56]. It is evident from this result 
that the electrophile enters the same topological position from which the proton 
was removed and, secondly, an unusually high kinetic isotope effect is operating. 
In order to estimate its magnitude 146b was deprotonated by sec-butyllithi- 
um/TMEDA. Any discrimination must be caused by a kinetic isotope effect. Af- 
ter silylation of the intermediate (J?)-161, the a-deuterated silane (I?)-162 was 
obtained with >96% ee and 98.2% of the original D-content. These data point to 
a value of > 70 for kj^/kp. We attribute the high isotope effect to efficient quantum 
chemical tunneling. A similar study was performed with the 2,2-dimethylpro- 
pane-l,3-diyl dicarbamate 158a [56]. The high kinetic isotope effect has practi- 
cal importance too: protons in the most acidic position have been protected by 
deuteration [75, 99]. Furthermore, it is - to our best knowledge - the first exam- 
ple for an efficient enantioselective synthesis which is based on kinetic isotope 
effects [100]. 



Hr Hs 
CbyO-^CHs 


1. s-BuLi/sparteine 

2. MeOD 
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CbyO^CHg 


1. S'BuLi/sparteine 
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Hr SiMes 
CPyO'^CHg 
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146b 




146d 



s-BuLinMEDA 
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♦ 



Hr SiMes 
CbyO'^Ch^ 



Me3SiCI 



Hr^ LiTMEDA TMEDA-Li D 
Cfa>0'^CH3 CbyO'^CHg 



Me3SiCI 



MesSi. D 

X 

CijyO CH3 



146d 



161 



162 

> 96% ee. 98.2% D 



(41) 



Haller tried to model the diastereotopos-differentiation in the deprotonation 
step by MOPAC/PM3 calculations [64, 66]. The results were not really convinc- 
ing, but give an idea why the cfs-annulated ring in (-)-sparteine is so important. 
Close agreement between theoretical and experimental results was achieved for 
deprotonations, promoted by (P,i^)-l,2-bis(dimethylamino)cyclohexane 145 
(Fig. 2) [85]. The carbamates 146a, 149a and 150a, derived from ethanol, 2- 




Enantioselective Synthesis by Lithiation Adjacent to Oxygen and Electrophile Incorporation 



89 



methylpropanol, or 2,2-dimethylpropanol were deprotonated with 5ec-butyllith- 
ium/(i?,i?)-145 (1.45 equiv. each) in diethyl ether for 4h and the resulting car- 
banions quenched by gaseous CO 2 . After work-up the crude acids were convert- 
ed into the methyl esters 146c, 149b or 150b and the enantiomeric ratios deter- 
mined [Eq. (42), Table 7]. The ees increase with the steric bulk of the alkyl resi- 
due and are raised up to 79% ee for 150b. For 146a and 150a, PM3 calculations 
of AAG# of the transition states, leading to the ion-pairs, revealed energetic dif- 
ferences AH of 0.37 and 1.23 kcal-mol *, respectively [85], which are in good 
agreement with the experimentally observed preference for pro-S proton remov- 
al. 






146a R = Me 
149aR = APr 
150aR = f-Bu 




1. COj^ 

2. H 3 O® 

3. CH 2 N 2 



1. CO 2 

2. H 3 O® 

3. CH 2 N 2 



Me02C H 
R'^OCby 



146c R = Me 
149bR = ^P^ 
1S0bR = 1-Bu 



(42) 



H C02Me 

R^OCby 

enM46c R = Me 
en(-149b R = f-Pr 
enf-ISOb R = (-Bu 



Table?. [Table to Eq. (42)] 



Starting 

material 


Product 


Yield [%] 


e.r. (ee) 


^^calc 

[kcahmor^] 


146a 


146c/e«M46c 


81 


63:37 (26%) 


0.37 


149a 


149b/e«t-149b 


96 


77:23 (54%) 


- 


150a 


150b/ent-150b 


42 


89.5:10.5 (79%) 


1.23 



Calculations on a higher level gave similar differences [85]. Quantum chemi- 
cal simulations of the kinetically controlled formation of the appropriate (-)- 
sparteine complexes are in progress [101, 102]. 

2.5.3 

Intramolecular Reactions of Lithiated Alkyl Carbamates 

Lithiated alkyl carbamates rearrange on warming to form a-lithiooxycarboxa- 
mides. We noticed this and similar migrations as undesired side reactions [7, 
103, 104]; the rearrangement has been investigated more closely by Nakai and 
coworkers [Eq. (43)] [105]. 
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"O N(APr2) 
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-78 °C to 20 °C 



OM 




46%, 96% ee 



Ph' 



H OLi 

'■•'"^N(FPr2) 



164 



167(29%) 



(43) 



After warming the ethereal reaction mixture containing lithiocarbamate 163 
to room temperature, the (i?) -configured a-hydroxyamide 166 was isolated in 
46% yield [ 105]. Overall retention in the rearrangement is best explained by as- 
suming an intramolecular attack of the carbanionic center onto the carbonyl 
group via intermediate 164. Interestingly, the alkene 167 (£/Z=86:14) was 
formed as a byproduct in 29% yield. In a formal sense it arises from a carbene 
dimerization [106, 107]. Lithiated 1,3-dicarbamates, such as 168, were found to 
cyclize in an intramolecular substitution reaction forming cyclopropyl carb- 
amates 169 [Eq. (44)] [56]. 
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170 (> 95% ee) 



enf-170 (74% ee) 
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The cyclization step requires Lewis acid catalysis; lithium chloride, formed 
during an attempt at silylation, is sufficient. The stereochemical course under 
these conditions (retention at the carbanionic center, inversion at C-3) was rig- 
orously proven by stereospecific deuteration, and an X-ray structure analysis of 
amino ketone 171, as well [57]. Surprisingly, the use of the stronger Lewis acids 
f-BuMe 2 SiOTf or BF 3 -OEt 2 caused the formation of the opposite enantiomer ent- 
169 [57]; the reasons are still unknown. The cyclopropanes 169 are easily depro- 
tonated by sec-butyllithium/TMEDA and substituted by many electrophiles with 
complete retention [57]. The reactions are quite general; diastereomers are 
formed from 2-monosubstituted dicarbamates [108]. 

The strongly directing carbamate group allows for the presence of remote sty- 
ryl or phenylethynyl groups during the enantioselective deprotonation step of 
the substrate. The phenyl group activates the double or triple bond for an in- 
tramolecular carbolithiation [109]. Since carbolithiation is the topic of 
Chapter 9, only few representative ideas and examples are discussed briefly be- 
low. 

The (Z)- or (E)-phenylhexenyl carbamates 172 are smoothly deprotonated by 
s-BuLi/(-)-sparteine, and the lithium compound cyclizes during approximately 
20 h at -78 °C to form the (cyclopentyl)benzyllithium 173 which is in equilibri- 
um with its epimer 174 [Eq. (45)] [1 10]. Trapping this mixture yields the essen- 
tially enantiomerically and diastereomerically pure side-chain substituted 
frans-2-benzylcyclopentyl carbamates 175 in fair yields. Some of the intermedi- 
ate 174 is lost due to 1,3-elimination resulting in formation of the achiral bicy- 
clo[3.1.0]hexane derivative 176 [111, 112].Related results have been reported by 
Nakai et ah, when allowing the (E)-6-phenylhex-5-enyl N,N-diisopropylcarb- 
amate to react under similar conditions [111]. 




175 



176 
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A number of further suitable substituted 6-unsaturated carbamates under- 
went smooth enantioselective deprotonation/5-exo-frig and 5-exo-dig cycliza- 
tion sequences, to form five-membered rings. In all examples, the 1 -pro-S proton 
is removed by the chiral base with high selectivity, independent from the sense 
of a chiral center at C-4 [ 1 12-1 15]. These cyclization reaction can be extended to 
vinylogous phenylalkenes [115] andalkynes [115]. 

So far, we have not succeeded in a similar cyclization for six-membered ring 
formation. For the application of this method to the synthesis of enantioen- 
riched indolizidines see Sect. 2.5.4 [74]. 

Due to the low acidity of alkyl carbamates it is often not advisable to carry out 
a deprotonation in the presence of sensitive groups. Here, the “stannyl trick” may 
be applied. The deprotonation-stannylation of a bifunctional carbamate is ac- 
complished at an early stage and the stannyl group carried through the synthesis 
during creation of a sensitive acceptor group at the second functionality [98, 116]. 

For example, the 5-(terf-butyldimethylsilyloxy)pentyl carbamate 159a was 
converted to the enantiomerically enriched (>95% ee) stannane 159b via 
sparteine-mediated deprotonation. Then an allyl chloride unit was elaborated, 
finally, the (S)-lithium intermediate 179 was generated by lithiodestannylation. 
The (lil,2S)-2-vinylcyclopentyl carbamate 180 was produced with essentially 
complete enantio- and diastereoselectivity ]Eq. (46)] [98]. Allyl chloride (178, H 
for BujSn) and epoxides do not survive direct lithiation [117]. 



1. s-BuLi/(-)-sparteine 
-78 *C, EtjO 

2. n-BusSnCI 
-78 X to 20 

85% 



159a 



TBSOs. 



159b 



1 . TBAF 
EtsO, 20 "C 

2. Swern oxidation 

93% 




SnBus 



1. (Et0)2P{0)CH2C02El 
DBU, LiCl, CHgCN, 20 "C 

2. DIBALH, THF, -78 

3. KHMDS, MsCI, LICI, 

THF, -78 °C to 20 X 

85% 




SnBu3 



n-BuLi 

EtgO, -78 '»C 



178 



(46) 




- LiCI 
96% 

d.r. > 97:3 
> 95% ee 






OCby 






179 



180 



2.5.4 

Kinetic Resoiution and Desymmetrization 

When a chiral compound, bearing diastereotopic protons, is subjected to a de- 
protonation reaction in the presence of a chiral inductor, one of two situations 
will occur: 
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-The internal and the external chiral induction each activate the same proton; 
they are “matched” [72] and enforce each other. 

-The chiral inductions oppose; they are “mismatched” [72] and weaken each 
other. A lower, or an opposite diastereoselectivity is the result. 

Deprotonation of the (S)-phenylalaninol derivative (S)-181 in the presence of 
the achiral ligand TMEDA produces the diastereomers 182 and 183 in a ratio of 
90:10 [Eq. (47, see Sect. 2.4) [68]. Here, due to internal substrate-inherent induc- 
tion, the pro-R-H is removed preferentially (ul induction [ 1 18] ). In the presence 
of (-)-sparteine, which has a high preference for the pro-S protons {Ik induc- 
tion), the diastereomer 183 is formed with an opposite 90:10 diastereoselectivi- 
ty; obviously the substrate-inherent diastereoselectivity is overridden by the re- 
agent-induced selectivity. 
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s-BuLi/La V 


Hr Li La 


Ph OCby + 


NBna 


NBR2 


NBna 


(S)-181 


182 


183 




La = TMEDA 90 


10 




(-)-sparteine 10 


90 



In several examples, such as the (S)-valinol derivative [68], (-)-sparteine pre- 
vents the mismatched reaction path completely; no deprotonation occurs. This 
is an ideal situation for the kinetic resolution of a racemic sample such as rac- 
184 [Eq.(48)] [119]. 
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(48) 



EIX = CO 2 , f-BuCOCI, /-PrCOCI 
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The cyclopropylalaninol derivative rac- 184 was subjected to a deprotonation 
by s-BuLi/(-)-sparteine (ether, 7 to 10 h at -78°C) and the intermediate 
sparteine-lithium compounds 185/187 were quenched by CO 2 or acid chlorides 
to yield mixtures of diastereomers 186/188 in a ratio of approx. 90:10 with great- 
er than 95% ee in an average yield of 37%. (S)-184,42%, 80-85% ee, was reiso- 
lated. As expected, the pro-S proton in (1?)-184 was abstracted preferentially, 
since it leads to the matched pair. 

Efficient kinetic resolution was also observed in reactions of carbamates rac- 
75 and rac-80 by means of sec-butyllithium/(-)-sparteine (see also Eq. 25) [65, 
66]; Eig. 3 shows the more reactive enantiomer {R)-75 and (S) -80, respectively; 
the substitution products, arising from the abstraction of the pro-S proton were 
formed with >95% ee. PM3 calculations correlate well with the experimentally 
recorded - opposite - selectivities [66]. 




Fig. 3. 



Dicarbamate 189 bears enantiotopic branches each having diastereotopic 
protons. Deprotonation by s-BuLi/(-)-sparteine, followed by treatment with 
BF 3 ‘OEt 2 , results in the trans-cyclopropyl carbamate 191 in 76% ee [108]. From 
this result it is concluded that the preferential intermediate 190 stems from re- 
moval of the pro-S-H in the pro-S branch [Eq. (49)] . 
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A similar situation is given in the meso-dicarbamate 192 [see Eq. (61)] [120]. 
The pro-S proton at the pro-R branch exhibits the highest reactivity in the (-)- 
sparteine-mediated deprotonation to form the lithium compound 193 with a 
small amount of the diastereomer 195. By applying prolonged reaction times (4- 
5 h), it is found that 195 is decomposed more rapidly than 193, leading to a fur- 
ther enrichment. Trapping of the reaction mixture by different electrophiles 
leads to essentially enantiomerically and diastereomerically pure products 
194a-c. Allylation and benzylation result in lower diastereomeric ratios, proba- 
bly due to SET mechanisms in the substitution step. 



pro-R 




s-BuLi 

(-)-sparteine 
toluene 
-78 °C 
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193 
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EIX 



EIX 




(50) 
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Tables. [Table to Eq. ( 50 )] 
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E 1 (X) 


Yield [%] 


194:196 


ee [%]“ 
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MejSnlCl) 
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98:2 


>95 
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E 1 X=C 02 '^ 


63 


96:4 


>95 
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Me(I) 


70 


95:5 


>95 


d 


CH 2 =CHCH 2 (Br) 


59 


68 : 32 ^ 


>95 


e 


PhCHjlBr) 


44 


74 : 26 ^ 


>95 



® ee of the major product. 

^ Isolated as its methyl ester after treatment of the free acid with diazomethane. 
Mainly ent-196. 



Carboxylic ester 194b was converted to the bicyclic y-lactone 197 [Eq. (51)] 

[ 120 ]. 
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Nal 04 /RuCl 3 
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(51) 



194b 197 

A kinetic resolution of lower efficiency could also be achieved when the ra- 
cemic stannane rac-198 was subjected to MeLi/(-)-sparteine [Eq. (52)] [120]. 
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The ester 194b was obtained with 53% yield and 44% ee {e.r. 194b;e«t-194b= 
12:28) and the stannane ent-198 was recovered (33%, 60% ee). The (l'S)-enan- 
tiomer 198 is cleaved more rapidly than (rj?)-198 (ent-198). To our best knowl- 
edge, this reaction represents the first kinetic resolution by lithiodestannylation. 

An efficient kinetic resolution was also observed during the (-)-sparteine- 
mediated deprotonation and cyclocarbolithiation [74] of the (2-piperidinyl)me- 
thyl carbamate rac-199 [Eq. (53)]. The 1-pro-S-H in the enantiomer (J?)-199 is 
the most reactive proton, leading to the “matched” combination. The lithium 
compound 200 cyclizes with formation of the benzyllithium intermediate 201; 
under optimized conditions [0.80 equiv. of (-)-sparteine, 0.75 equiv. of s-BuLi, 
22 h at -78°C], and after quenching with methanol the indolizidine 202 is isolat- 
ed with high diastereomeric and enantiomeric purity (34%, d.r.-98:2, 95% ee). 
Optically active (-)-(S)-199 (46%, 63% ee) is recovered. Scavenging of the ben- 
zyllithium 201 by electrophiles (CO 2 , R 3 SiCl, R 3 SnCl) proceeds with medium to 
good diastereoselectivity [74]. Since some of the diastereomer 205 could be 
characterized in the reaction mixture, it is quite likely that the major stereodif- 
ferention occurs in the deprotonation step [Eq. (53)]. 
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(53) 



Kinetic resolution can also occur during the later steps of the reaction sequence 
[121, 122]. Almost no discrimination between the (R)- and the (S)-enantiomer is ob- 
served in the deprotonation of the 3-(indenyl)propyl carbamate rac-206 [Eq. (65)] 
[121]. Of the two lithiated diastereomers (S,S)-207 and (R,S)-208, only the (R,S)- 
stereoisomer is capable of intramolecular cyclization; after protonation of the reac- 
tion mixture,most of (S)-206 (48%) isrecovered,besidestheenantiomericallypure 
products; for further discussion of carbolithiations see Normant, in this volume. 
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products 



An efficient desymmetrization in meso-epoxides of type 209 by sec-alkyllith- 
ium/(-)-sparteine was found by Hodgson et al. [see Eq. (66)] [123-125]. The in- 
termediate lithiooxirane 210 usually undergoes carbenoid formation and in- 
tramolecular C-H insertion reactions (see Hodgson et al, in this volume); how- 
ever, very recently it could be trapped by external electrophiles with stereoreten- 
tion at low temperatures [126]. 



H., 



■H 



s-BuLI 

(-)-sparteine 




209 
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further reactions 



(55) 



3 

Chiral Benzyl-Type a-Oxy-Organolithium Compounds 



Benzyl-type organolithium compounds are stabilized by the mesomeric interac- 
tion of the negative charge of the carbanionic center with the aromatic rr-system. 
The thermodynamic acidity of the benzylic compounds is 10 to 15 pK units 
higher than of the corresponding methyl derivatives [ 127] . Mesomeric stabiliza- 
tion requires a considerable flattening of the carbanionic center towards sp^-hy- 
bridization [128]. As a consequence, the configurational stability is decreased, 
and - with few exceptions - most of the benzyllithium derivatives suffer from 
rapid racemization [Eq. (56)], see Sect. 3.2. 
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Notably, the close ion pairs 211 and ent-2ll are chiral species; this holds even 
if the carbanionic framework were completely planar. Enantiomerization results 
in migration of the lithium cation from one face of the carbanion to the other 
one, and is facilitated by the formation of a stabilized separated ion pair 212. If 
no further chiral elements are interacting, such as chiral ligands at the lithium 
cation, the e.r. in the substitution products directly reflects the e.r. in the carban- 
ionic intermediates 21 l/e«t-21 1. In most cases, the rate of racemization is much 
greater than the rate of the substitution step, and the formation of racemic prod- 
ucts is the result. 

The stereochemical course of the electrophilic substitution - retention, inver- 
sion, or partial racemization - of a given chiral benzylic organolithium by an 
electrophilic reagent still cannot be predicted on the basis of the present know- 
ledge [Eq. (57)] ; it depends mainly on the substituents in the carbanion, the elec- 
trophile and the complexing ligands at the lithium cation (Sect. 3.3) [64, 129, 
130]. 




211 



EIX 



retention 



inversion 



El 




213 




(57) 



ertf-213 



3.1 

Stereospecific Deprotonation and Substitution of Enantioenriched Precursors 

So far, the only examples of a-oxy-substituted benzylic precursors leading to 
lithium carbanions of considerable configurational stability are secondary carb- 
amates 214 [131] and secondary 2,4,6-trisubstituted benzoates 215 [132, 
Eq.(58)]. 

s-BuLi, TMEDA 
Et20, -78 °C or 
s-BuLi, Et20/ 
toluene, -78 °C 







lu-< 






EIX 

retention or 
inversi6n 









214 = N(APr)2 



216 



218 



(58) 




Enantioselective Synthesis by Lithiation Adjacent to Oxygen and Electrophile Incorporation 



99 



The deprotonation proceeds smoothly below -70°C within a few minutes us- 
ing sec-butyllithium in ether, hexane, or toluene in the presence of the complex- 
ing diamine TMEDA. The N,N-diisopropylcarbamates of type 216 are stable 
with respect to configuration and to decomposition under these conditions, 
whereas benzoates 217 decompose more rapidly. 

The best solvent conditions for the deprotonation of the 2,4,6-triisopropyl- 
benzoate 215a were found to be toluene/20% diethyl ether [Eq. (59)] [132]. 





(59) 



We have studied the stereochemistry of lithiation-substitution of the benzylic 
carbamate (Jf)-214a [Eq. (60)] in detail [133, 134]. 



H3Q pCb 
Ph'^H 

(fl)-214a 
97% ee 



H 3 Q pCb 
Ph^Li-TMEDA 



(R)-216a 



EIX 



retention 



inversion 



H3C pCb 
Ph-^EI 

218 



(60) 



Ei 



Ph 



Jc'CHs 

OCb 



en(-218 



Protonation with Bronsted acids proceeds with retention (Table 9). Alkyla- 
tion, silylation, stannylation, carbon dioxide, and carbon disulfide addition 
(entries 3-10, 12, 25) are accompanied by inversion. This is also true for the re- 
action with acid chlorides (entry 13), but esters react with clean retention 
(entries 14-16). Aliphatic aldehydes and ketones add to the lithium compound 
216a with complete retention of configuration. A notable exception was found 
for benzaldehyde: it is added with inversion (entry 23). 

Since the stannylation proceeds with inversion and the lithio-destannylation 
is a stereoretentative reaction, for the first time, the clean inversion of an enan- 
tioenriched benzyllithium compound could be accomplished with a chirality 
transmission of greater than 95% [Eq. (61)] [131, 133]. 



H3C pcb 
Ph'^LiTMEDA 



CISnMes 



CbO CH3 
Ph^SnM 63 



s-BuLi 



CbO CH 3 
Ph^Li-TMEDA 



(61) 



(S)-216a 



(S)-218h 



(R)-216a 
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Table 9. Stereospecific lithiation and substitution of carbamate (ii)-214a 



Entry 


Product 


El 


EIX 


Yield 

[%] 


ee 

[%] 


Course 


Ref. 


1 


218a 


D 


DOMe 


96 


80 


ret. 


[135] 


2 


214a 


H 


HOAc 


75 


80 


ret.^ 


[131] 


3 


ent-218b 


CH 3 CH 2 


CH 3 CH 2 Br 


85 


>95 


inv. 


[135] 


4 


ent-218c 


n-CjHg 


«-C 3 HgBr 


77 


85 


inv.^ 


[131] 


5 


ent-218d 


CH 2 =CHCH 2 


CH 2 =CHCH 2 C 1 


96 


83 


inv.^ 


[133] 


6 


ent-218d 


Me 2 C=CHCH 2 


Me 2 C=CHCH 2 Br 


52 


>95 


inv. 


[136] 


7 


e«t-218e 


PhCH 2 


PhCH 2 Cl 


96 


>95 


inv. 


[136] 


8 


e«t-218f 


MeC=CCH 2 


MeC=CCH 2 Cl 


61 


>95 


inv. 


[136] 


9 


e«t-218g 


MojSi 


Me 3 SiCl 


94 


96 


inv. 


[131] 


10 


e«t-218h 


McjSn 


Me 3 SnCl 


92 


>95 


inv. 


[133] 


11 


e«t-218i 


MejPb 


MejPbCl 


88 


85 


inv. 


[133] 


12 


e«t-218j 


COjMe 


i) CO 2 ; ii) CH 2 N 2 


84 


84 


inv. 


[133] 


13 


e«f-218j 


COjMe 


MeOCOCl 


90 


85 


inv. 


[133] 


14 


218) 


COjMe 


(MeOjCO 


85 


94 


ret. 


[133] 


15 


218k 


CHO 


HCOOMe 


60 


>95 


ret. 


[136] 


16 


2181 


COMe 


MeCOjMe 


60 


>95 


ret. 


[133] 


17 


ent- 2181 


COMe 


MeCOCN 


43 


92 


inv. 


[133] 


18 


218m 


COi-Pr 


i-PrCOjMe 


94 


>95 


ret. 


[133] 


19 


218n 


COPh 


PhC 02 Me 


95 


>95 


ret. 


[133] 


20 


enf-218n 


COPh 


PhCOCl 


95 


>95 


inv. 


[133] 


21 


2180 


MejCOH 


MejCO 


71 


54 


ret. 


[136] 


22 


218p 


i-PrCHOH'^ 


iPrCHO 


92 


>95 


ret. 


[136] 


23 


ent-218q 


PhCHOH*^ 


PhCHO 


69 


>95 


inv. 


[136] 


24 


ent-218r 


CONHi-Pr 


OCNi-Pr 


90 


85 


inv. 


[133] 


25 


ent-218 


CSjMe 


i) CS 2 ; ii) Mel 


67 


>95 


inv. 


[133] 



^The originally assigned configuration is a mistake; for correction see [137]. 

Mixture of diastereomers (d.r.=50:50). 

Mixture of diastereomers (d.r.=50:50); in addition 16% of regioisomers with rearranged Cb group. 



Similar trends were recorded for further secondary benzyl carbamates. Dur- 
ing these investigations it turned out that an extended mesomeric system in the 
aromatic substituent leads to a decreased configurational stability, and thus, to 
products with lower enantio enrichment. Some of the results are summarized in 
the following Eq. (62). 
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H 3 C DO) 



1 . s-BuLi, TMEDA, EtjO 
inversion 



(S)-220, 91% ee 



(S)-221, 55%. 87% ee 



1. s-BuLi, TMEDA. EljO 

2. CiCOsMe 



CbQ ^CHg 

COOM 0 



[136] 



(fl)-222, 91% 6 



Ho, Pd/C, MeOH 



(fi)-223. 91%. 80% ee 



H 3 Q H 



(S)-224, 95%, 60% ee 




1. s-BuLi, TMEDA. EtjO 

2. CHgCHaBr 



1 . s-BuLi, TMEDA, EtjO 

2. CISnM 63 



(S)-226. 80%. 88 % < 



CH 3 



SnMej 



[135] 



[135] 



(fl)-225 



(fl)-227, 91%. 86 % ee 



1. s-BuLi, ElgO, 5 min 

2. CHaCHaBr 



(S)-226, 72%. 45% ee 



1. s-BuLi, TMEDA, Et^O 

2, CiCOaMe 



C£>Q CH 3 



[136] 



(/?)-228. 92% ee 



(Si-229. 75%. 60% ee 



H 2 , Pd/C, MeOH 



HoC H 



MeO 

(fl)-230. 93%. 47% € 



(62) 



As it is seen from Eq. (62b) and (62e), the method allowed for the synthesis of 
moderately enantioenriched methyl esters of the commercially available drugs 
ibuprofen (224), 60% ee [136] or naproxen (230), 47% ee [136], from optically 
active carbamates 222 or 228, respectively. The final step is a reductive removal 
of the carbamoyloxy group by Pd-catalyzed hydrogenolysis, which proceeds 
with inversion [138-140] but some erosion of the enantiomeric purity results. 

The ee values have not been optimized. From today’s knowledge improve- 
ments are possible by using a less polar solvent, not more than one equivalent of 
the complexing diamine, and keeping the deprotonation time as short as possi- 
ble (~5 min). Polar solvents, such as THF, cause rapid racemization [133, 135, 
141]. The same effect is observed when lithium is exchanged for potassium 
[133]. These results point to the importance of the incorporation of the lithium 




102 



Dieter Hoppe, Felix Marr, Markus Briiggemann 



cation into a dense chelate complex which hampers the cation from changing the 
enantiotopic faces of the anion. 

Deprotection of the tertiary benzyl f/,f/-diisopropylcarbamates is difficult. 
Acidic conditions lead to the destruction of the tertiary substrates. Occasionally, 
treatment with LiAlH 4 in refluxing THF [57, 136], or with a large excess of di- 
isobutylaluminum hydride, liberates the carbinols, but ester and carbonyl 
groups are also reduced. 

Therefore, we developed a carbamate group, which is cleavable under mild, 
alkaline conditions. The i^-[2-(tert-butyldiphenylsilyloxy)-ethyl)]-f/-isopropyl- 
carbamoyl group (Cbse) [135, 137] in tertiary esters 232 can be removed by de- 
silylation and subsequent neighboring group participation in the hydroxyalkyl- 
urethane 233 to give the alcohols 234. Some examples of compounds synthesized 
by this method are collected [Eq. (63)] [137]. 






N- 



1 . s-BuLi 

“OTBDPS 2 EIX 



231 



Cbse 



EL OCbse 



232 



Bu-NF 



N- 

aAr ° 



233 



-OH 



base 



El OH 
Ar"^R 






234 



MeOaC OH 
Ph'^CHg 



HO COjMe 
Ph'^CHa 



H^- 
Ph CH3 



234a, 89% 
94% ee 



enf-234a, 76% 
84% ee 



enf-234b, 81% 
86% ee 



(63) 



Ph CH3 



MejOC^ OH 
'CH3 




HQ .COgMe 



234c, 76% 
92% ee 



234d, 96% 
76% ee 



234e, 87% 
96% ee 




234f, 78% 
> 95% ee 
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From our results, obtained with chiral lithiobenzyl carbamates in the absence 
of any further chiral elements, such as a chiral complexing diamine, we suggest- 
ed the following hypothesis for the stereochemical course of the reactions with 
electrophiles [142]: The preferred attack proceeds from the rear face with inver- 
sion of configuration. But, if a strong interaction in the transition state with the 
leaving group of the electrophile is possible, retention is favored. Examples for 
retention are found by the protonation reaction with Bronstedt acids, and, as 
well, in reactions with methyl esters and aliphatic aldehydes. The reaction with 
benzaldehyde [142] is an exception. We speculated that the origin is a in- 
teraction of the phenyl rings which is facilitated at the rear face. 

However, such “generalizations” have a narrow basis and have to be consid- 
ered with great care. These rules, deduced from open-chain benzylic carbamates 
must be modified, when cyclic carbamate esters are concerned. The lithiated in- 
danyl carbamate 236 exhibits an enhanced tendency for front-side attack 
[Eq.(64)] [135,143,144]. 




(ff)-235 




(R)-236 



EIX 



retention 



inversion 




ertt-237 



Table 10. Ratio of 237/ent-237 in dependence of the electrophile [Table to Eq. (64)]. [143] 



Product 


El 


EIX 


Yield [%] 


237:e«f237® 


Course 


235 


H 


HOMe 


92 


100:0 


ret. 


237a 


MeOCO 


(MeOljCO 


85 


99:1 


ret. 


237a 


MeOCO 


MeOCOCl 


72 


99:1 


ret. 


237a 


MeOCO 


i) COj; ii) 

CH 2 N 2 


82 


99:1 


ret. 


237b*' 


MeSCS 


i) CSj; ii) Mel 


80 


99:1 


inv. 


237c 


MejSi 


MejSiCl 


46 


98:2 


ret. 


ent-237d 


MejSn 


MejSnCl 


74 


25:75 


inv. 


ent-237e 


BujSn 


BujSnCl 


81 


10:90 


inv. 



“ Corrected to 100% ee in (R)-235. 
(S)-235 was the starting material. 



The results are supported by Hammerschmidt et al. [144], who found partial 
retention (15:85) in the stannylation of the corresponding 2,4,6-tri-isopropyl- 
benzoate 238a when using a chiral trialkyltin bromide [Eq. (65)]. 
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238a n = 1 
bn = 2 



1. s-BuLi, TMEDA 

2. H-MenSnMegBr 
hexane, -78 “C 



239a 

b 






(65) 



They also found, in the reaction of the lithiated indanyl carbamate (S)-236 
[Eq. (64) with tributyltin bromide and -triflate, products of opposite configura- 
tion [144]. This is in accordance with the assumption that the better complexing 
triflate group shifts the stereochemical course further towards retention. Why 
does the lithiated ring 236 behave so differently in comparison to the phenyl- 
ethyl carbamate 216a [Eq. (61)]? We calculated the ground state geometry of 
lithio carbamates [143]. The sum of the dihedral angles for the open-chain com- 
pound 216a is 333.1°, whereas it was found to be 323.8° for the cyclic compound 
236. Ideal sp^-hybridization counts to an angle sum of 360° whereas sp^ -hybrid- 
ization requires a sum of 328°. Subsequently both components were forced in 
the calculations to planarity, requiring 10.0 kcabmol”' for 216a and 
14.1 kcabmol”^ for 236. It can be concluded that inversion for the cyclic lithium 
compound (which has to pass through a planar structure) is by around 
4kcabmol“^ energetically more costly than for the open-chain compound. 
These calculations illustrate the importance of the geometrical situation as one 
of the major influences in the competition of inversion versus retention in the 
substitution step. 

It should be added that the less strained 1-lithiotetralinyl carbamates show 
the “normal” sense of stereoselectivity [136]. 

An interesting approach to highly substituted a-lithiobenzyl carbamates con- 
sists in the carbolithiation of 1-arylalk-l-enyl carbamates (see also Normant, in 
this volume) [145, 146]. Lithiated benzyl WdV-diisopropylcarbamate was found 
to be configurationally stable on the microscopic scale in the Hoffmann test 
[147] but, so far, it has not been prepared in enantioenriched form free of a chi- 
ral ligand, see Sect. 3.2. Generally, the Hoffmann test can give valuable informa- 
tion on the configurational stability of carbanionic species - even if these are 
available only as racemates (see also Hodgson, Stent in this volume) - but one 
should take into account that, for synthesis on the macroscopic scale, enhanced 
stability may be necessary (see Beak et al, in this volume). 
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3.2 

Chiral a-Oxybenzyllithium Compounds by Enantioselective Lithiation 
in the Presence of Chiral Ligands 



When an achiral substrate 241 is deprotonated in the presence of a chiral ligand, 
such as (-)-sparteine, two diastereomeric ion pairs 242 and epi-242 result; these 
differ in their energies and reactivity [Eq. (66)]. 




L*2Li H 
Ar^X 
242 



^lepi 



''2epl 



H LiL*2 ^4 
Ar-^X 



H ^El 
Ar^X 
243 



Ar-^X 



(66) 



epi-242 enf-243 

If these are configurationally stable, the situation is similar to that one en- 
countered previously (Sect. 2); the enantiomeric ratio 243/enf-243 (inversion in 
the substitution step assumed) reflects the diastereomeric ratio 2421 epi-242 af- 
ter complete reaction. Configurational instability of the intermediates under the 
reaction conditions causes new problems, but also offers new possibilities [130] 
(s. a. Baek et al, in this volume). Two borderline cases and all situations between 
them are possible: If kj^pj and k 2 epj are very small compared to the rates of sub- 
stitution kj and k 4 , after complete equilibration, the product ratio 243lent-243 
equals the ratio epi-2421242 and reflects the difference of thermodynamic stabil- 
ities. On the other hand, if kj^pi and k 2 epi are very large in comparison to the 
rates k 3 and k 4 , the product ratio equals the quotient k 4 /k 3 . This is the typical sit- 
uation of a dynamic kinetic resolution [ 148]. Since equilibration can be enforced 
by higher temperature and the substitution step carried out at low temperature 
interesting possibilities for the enhancement of selectivities arise. These have 
been explored predominantly by Beak for aryl- and amino-substituted benzyl 
anions (s. a. Baek et al, in this volume). 

The first a-oxybenzyllithium compound, which offered these problems, was 
the lithiated benzyl carbamate 244 (Fig. 4), but it could not be tuned to useful se- 
lectivities [64, 149]. 




244 



144 

(-)-a-isosparteine 
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The rate of epimerization of (-)-sparteine and (-)-a-isosparteine complexes 
245/246, derived from lithio-indenyl carbamates and, as well, their relative ra- 
tios in the equilibrium, were investigated NMR-spectroscopy in cooperation 
with Fraenkel [Eq. (67) and Table 11] [150]. The rates follow pseudo-first order. 
The activation energy for the epimerization process is increased by additional 
alkyl groups in the vicinity of the carbanionic center (245a, R=H: 13.5 kcal-moE^; 
245b, R=CH 3 : >25 kcal-moE'). We were surprised to learn that the exchange of 
(-)-sparteine by the C 2 -symmetrical diastereomer (-)-a-isosparteine (144) 
causes a significant decrease of the epimerization barriers (for 245b: from 
>25kcal-mok^ to approx. Skcal-mol *). On the other hand, the equilibrium 
245b/ep/-245b is shifted to the synthetically useful ratio 18:82 and this could be 
utilized in a silylation reaction [150]. 




245a R = H 
24Sb R = CH 3 




246a R = H 
246b R = CHg 





Table 11. Activation parameters for epimerization of lithiated sparteine- and isosparteine- 
complexed indenes (complexes 245 and 246) 



Compound 


d.r.® 


AH4 [kcabmol '] 


AS# [cabmol '• k '] 


245a 


55:45 


13.5 


-8 


245b 


60:40 


>25 


_b 


246a 


_c 


<5 


_b 


246b 


18:82 


8.0-8.5 


-25.1 



“ Isomer appearing at lower field at left. 

Line shape analysis not possible. The diastereomeric ratio could no be determined due to fast 
epimerization. 



Since (-)-sparteine is not C 2 -symmetric, due to the chiral center at lithium, 
four diastereomers of each complex are possible [Eq. (68)]. The facile epimeri- 
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zation at the lithium atom could level differences arising from the configuration 
at the carbanionic center; semiempirical calculations point to this possibility 
[150,151]. 




A relatively high energetic difference between epimeric complexes 249 and 
epi-249, comprised of a-methoxybenzyllithium and (S,S)-Box-i-Pr (248), is the 
origin of the highly enantioselective carboxylation and hydroxyalkylation re- 
ported by Nakai et al. [Eq. (69)] [152, 153]. 




248 



The deprotonation of 247 in hexane by t-BuLi/excess 248 at -78°C for 1 h gave 
the best results: (P)-O-methylmandelic acid (250) with greater than 95% ee and 
the hydroxy ethers (several examples) with high anti-selectivity, and as well, 
very good ee. On the basis of control experiments, the authors assume a “dy- 
namic thermodynamic resolution” as the origin. This mechanism implies an es- 
sentially complete conversion to one epimer 249 of unknown configuration at - 
78°C and its stereospecific carbonyl addition. 
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4 

Chiral 1-0xy-2-Alkenyllithium Derivatives 
4.1 

Introduction 



The first configurationally stable 1 -oxy-2-alkenyllithium 253 was reported in 
1986 by Hoppe and Kramer [Eq. (70)] [8], It was generated by deprotonation of 
the enantio enriched allyl carbamate 252, obtained from the corresponding alco- 
hol via kinetic resolution through Sharpless epoxidation. More conveniently ac- 
cessible are the 1 -methyl derivatives 254 and analogues either from (R)- or (S)- 
lactaldehydes via Wittig olefination [154], Kinetic resolution of rac-254 during 
deprotonation is also possible [155-157], 



HaC. 



CfcO H 



AhBuLi, TMEDA 
EtjO, -78 °C 



68% 66 

252 R = CH2CH(CH3)2 
254 R s CH 3 



O U-TMEDA 
(APOaN'^O 



> 52% ee 



253 

255 



products 



(70) 



Apart from the lithium carbanions, derived from secondary 2 -alkenyl carb- 
amates, no further types of configurationally stable a-oxyallyllithium deriva- 
tives have been reported in the last 15 years. One must conclude that the five- 
membered lithium chelate ring plays an important role for the stereochemical 
integrity. This structure has been nicely demonstrated by the X-ray structure 
analysis of a sparteine complex [158]. 

This section focuses on metallated, enantioenriched 2-alkenyl carbamates, their 
stereochemical features, and their use in homoaldol reactions. Much of the chem- 
istry, often developed for racemates, has been summarized in previous reviews [6, 
7, 64, 142, 159-165], and it can be easily applied to enantioenriched compounds. 

The problems of configurational stability are similar to those encountered 
with the related benzyl compounds. The stereospecificity and the regioselectiv- 
ity of the substitution step are even more complicated and it is due to the car- 
bamoyloxy group that a useful regioselectivity is often observed. In Eq. (71), all 
stereochemical possibilities for a single enantiomer are summarized. 

The lithium compound 256 can react from two conformations 256a and 256b. 
In an a -substitution, products 258 or ent-258 are formed from both conformers, 
their ratio depends on the stereospecificity of the appropriate Sg reaction, which 
may occur with retention or inversion, depending on the electrophile. Elec- 
trophilic y-substitution of 256a and 256b can lead, depending on the stereospe- 
cificity of the substitution step, to four different stereoisomers with two pairs of 
enantiomers (257 and ent-257 , 259 and ent-259); 257 and ent-259 and as well, ent- 
257 and 259 can be regarded as “pseudo-enantiomers”. Since the latter pairs are 
diastereomers, in principle, these can be easily separated before deprotection. 

Fortunately, reactions arising from conformer 256a usually are favored by 
1,3-allylic strain [166] and stereoelectronic effects. In particular, carbonyl addi- 
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tion reactions with covalently bound metal residue M proceed through a cyclic 
Zimmerman-Traxler transition state [167] in a formal syn-S^’ -reaction, leading 
to product 257 with high selectivity. The carbamoyloxy group is regarded as an 
important feature, holding the cation M in the a-position and avoiding the for- 
mation of regioisomers of type 258. 




OCb 

256a 




256b 




(71) 



en/-257 



enf-258 



4.2 

Chiral, Non-Racemic 1-0xy-2-Alkenyllithium Compounds by Sparteine-Mediated 
Deprotonation and Stereochemical Course of Substitution 

The deprotonation of the secondary carbamate rac-254 by n-butyllithium/(-)- 
sparteine (diethyl ether/hexane, -78°C) is combined with an efficient kinetic 
resolution [Eq. (72)] [155, 168]. The lithimn compound (S)-256 is configuration- 
ally stable under these conditions and is formed with greater than 80% ee as es- 
timated from trapping experiments. The less reactive enantiomer {R)-254: is re- 
covered with 41 % yield and 80% ee. 




OCb 

rao-254 



0.5 eq. n-BuLi 
{-)-sparteine 
pentane, -78 ”C 
lOh 



H C ^ CH 3 
3 ^^^ji-iLi-(-)-sparteine 

OCb 

(S)-256, > 42%, 80-82% ee 



HiC. 



.CH, 



OCb 



(fl)-254, 41%, 80% ee 



(72) 



Some trapping experiments were performed in order to elucidate their stereo- 
chemical course [Eq. (73)] [155,157, 168]. The reaction with tributyltin chloride 
gave the y-substitution products {R,Z)-257a (42%) and (S,£)-259a (6%), both 
with >80% ee, revealing that the stannylation proceeds as a clean anti-S^’ proc- 
ess from both conformations of the lithium compound (S)-256 [168]. Carboxy- 
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lation (followed by diazomethane esterification) yielded the a-adduct {R,E)-258 
in an invertive substitution [157]. Some of the y-adduct, which has not been 
stereochemically assigned, was also found. The metal exchange reaction of these 
sparteine complexes with titanium tetraisopropoxide to form intermediate 
(S,£)-260 proceeds a-regioselectively with inversion of the configuration; this 
was concluded from the result of carbonyl addition reactions (see below). 



H3C. 



^^Li(-)-sparteine 
OCb 



(S)-256 
-80% ee 



BusSnCI 

anti-SE 



I.CQ 2 2 . CH 2 N 2 
Seinv 



Ti( 0 /-Pr )4 

SeIhv 



H3C^...-^CH3 ^ H3C..,^..^;^0Cb 

Bu 3 Sh OCb Bu 3 Sn CH 3 

(R,Z)-257a (S,£)-259a 

42%, >80% ee 6 %, >80% ee 



H 3 C. 



,CH3 
COgMe 
OCb 



[168] 



(f?,£)-258“ [157] 

30%, 64% ee 



OCb 

(S,£)-260 



(73) 



^ in addition 13% of the (not stereochemically 
assigned) y-adduct was isolated 



Additional experiments were performed with the corresponding lithi- 
um/TMEDA complexes (S)- and {R)-255. Most of the reactions take the same 
sense of stereospecificity, independent from the ligands at lithium. An exception 
is the triisopropoxytitanation, it proceeds with retention of configuration with 
the TMEDA complexes whereas the sparteine complexes react with inversion 
[169, 168]. Similar lo resulls discussed in Ihe benzyl seclion (Seel. 3),lhe inlerac- 
tion of Ihe isopropoxy residue wilh Ihe lilhium calion may delermine Ihe reaclion 
course. Il seems lhal in Ihe presence of Ihe bulky (-)-sparleine as a ligand, such a 
suprafacial interaclion does nol conlribule significanlly. Eor Ihe melal exchange 
with tris(diethylamino)titanium chloride inversion was observed, too [169]. 

As expecled from Ihe slrong anti-S^’ preference in the stannylation, the ster- 
eoisomeric precursors {R,E)-255 and (S,Z)-255 lead to the identical stannane 
(S,Z)-257b as the major product [Eq. (74)] [168, 170]. 



H3C. 



CbO'H 

(R,£)-254 
90% ee 



^^CH3 
H 3 C H OCb 

(S,2)-254 
100 % ee 



s-BuLi, TMEDA 

CW3 Li-TMEDA 
{R,E)-255 

s-BuLi, TMEDA 

HgCCbO Li-TMEDA 
(S,2)-255 



M 63 SnCI 



MssSnCI 



55% 



MeaSn 



CH 3 

OCb 



(S,2)-257b 
< 90% ee 



MesSn 



CH 3 



■rv 

H 3 C OCb 

(S,2)-257b 
> 90% ee 



(74) 



The slereochemical properlies reporled for Ihe 3-penlen-2-yl syslem could be 
confirmed for a number of furlher l-melhyl-2-alkenyl carbamales [171]. 
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A very efficient approach to 1 -aryl-substituted l-lithio-2-alkenyl carbamates 
was very recently found by Seppi [ 172]. Two (from many more) examples are de- 
picted in Eq. (75). On treating the (Z)-enol carbamate (Z)-261 with «-butyllith- 
ium/(-)-sparteine, one of the enantiotopic y-protons or is removed with 
complete selectivity, leading to a highly enriched, configurationally stable, five- 
membered chelate complex 262. Trapping the reaction mixture with ketones or 
acid chlorides produces products 263 in essentially enantiomerically pure form, 
having the absolute configuration shown. 

At the time of writing this manuscript, the configuration of intermediate 262 
is still unknown; it cannot deduced on the basis of the stereochemical outcome 
of the homoaldol reactions, since it is not clear whether the often observed syn- 
Sg’ course is retained with 1 -aryl-substituted lithium compounds [this would 
imply (i?)-configuration of 262]. More evidence has accumulated for assuming 
the (S)-configuration. The great advantage of this approach when compared to 
the kinetic resolution strategy lies in the fact that the starting material is achiral 
and, hence, it can be completely converted into the chiral reagent 262. 



Ph 

(2)-261 262 

(75) 
EIX 



263 

El = (H 3 O 2 C-OH, 72%, > 95% op 
El = (H 3 C) 3 CC= 0 , 83%, > 95% ee 

The situation is more complicated when subjecting primary 2-alkenyl carb- 
amates to a (-)-sparteine-mediated deprotonation. The butyllithium/(-)- 
sparteine base performs a quite efficient selection between the enantiotopic a- 
protons in carbamate 264 in favor of the (S)-configured complex (S)-265, which 
usually is preferred by the magnitude of 90:10 [Eq. (76)]. However, (S)- and (R)- 
265 usually are configurationally unstable even at -78°C and do interconvert at 
a moderate rate. Thus, the kinetically achieved stereoselection is eroded by 
epimerization. In the very first investigated example, we were lucky that (S)-265a 
(R=CH 3 ) crystallizes from the solution under certain conditions, and according 
to a dynamic resolution [148], essentially all of the material is converted to (S)- 
265a [173]. Eurthermore, trapping the solid by tetra(isopropoxy)titanium with 
complete inversion gave very efficiently intermediate {R)-266, which is stable in 
solution (see Sect. 4.3). Under optimized conditions, d.r. of 98:2 (for 265) can be 
achieved [173]. In cooperation with Boche, we could obtain an X-ray crystal 
structure analysis of the y-silyl derivative (S)-265b to secure structure and con- 
figuration [158]. 



CbO El 



Li-(-)-sparteine 

:h3 



n-BuLi, (-)-spartelne 
toluene, -78 °C 
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It should be added here, that the 2,3-bond in (£)- and (Z)-lithioallyl car- 
bamates is configurationally stable at the reaction temperature [ 174]. The y-silyl 
derivatives are a notable exception. Even when performing the deprotonation 
with a (Z)-3-trimethylsilyl-2-propenyl carbamate, after few minutes at -78°C, all 
of the material had been transformed to the lithiated (E)-isomer [175]. 



Ti(0/-Pr)4 R h® 

''^^Ti(0/-Pr)3 

OCb 

(R)-266 



(76) 



Ti(0/-Pr)4 

•'■<^*^'Ti(0APr)3 
OCb 

(Sl-266 

The cinnamyl carbamate 264c was deprotonated under (-)-sparteine condi- 
tions and the reaction mixture was quenched after 30 min by several elec- 
trophiles [Eq. (77)] [93]. To our surprise, the silane 267a (86% ee, e.r.=93;7) re- 
vealed its (S)-configuration by X-ray analysis. Assuming (S)-265c as the major 
intermediate, inversion to form silane (J?)-267a was expected to occur. 




n-BuLi 




N(/-Pr )2 

(fl)-265 



Dh H 

OCb 



n-BuLi 

(-)-sparteine 

toluene 

-78 ‘’C, 10 min 



^'i=^^^^"-Li-(-)-sparteine 

OCb 



30 min 



Ph 



Li-{-)-sparteine 

OCb 



264c 



(5)-265c 



(fl}-265c 



jMeaSiCI 


jMSsSnCI 


|(-BuCOCI 




I.CO 2 
, 2 . CH 2 N 2 






0 














^^i'C02Me 


OCb 


OCb 


OCb 


OCb 


(S)-267a 


(S)-267b 


(fl)-267c 


(R)-267d 


88%, 86% ee 


71%, 80% ee 


86%, 80% ee 


69%, 82% ee® 



(77) 



* In addition 23% of the (stereochemically unassigned) 
Y-carboxylic esters were isolated. 

In a control experiment, 264c was deprotonated under the same conditions 
but in the presence of chlorotrimethylsilane. Here, a nearly opposite ratio (S)- 
267a/(J?)-267a, e.r.=21;79, 58% ee, was isolated [Eq. (78)]. It is obvious that, 
again, the pro-S-H in 264c is removed preferentially to form intermediate (S)- 
265c, but it is rapidly epimerized to give (J?)-265c, and the equilibrium lies close 
to 10:90. Consequently, silylation and stannylation by means of the chlorides 
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proceeds with antarafacial Sg processes and the same is true for acylation by acid 
chlorides and carboxylation. 



Ph 



H 

OCb 



n-BuLi, (-)-sparteine 
MeaSiCI in situ, -78 °C 
29% 



Ph 



,.SiMe3 



Ph 



.SiMes 



264c 



OCb 

(S)-267a 

21 



OCb 

(fl)-267a 
79 (58% ee) 



(78) 



Reaction with methyl iodide provided the (S)-configured major product (S)- 
268 [Eq. (79)], which is the expected result of an anti-S^’ process from (R)-265c 
[93]. The ratio depends on the temperature and on the ratio 265/methyl iodide. 
Without discussing the conclusions in detail, one must assume that a dynamic 
kinetic resolution does occur, the minor epimer being the more reactive one, 
thus, the degree of stereoselectivity is only low. 



Ph 



1. n-BuLi, (-)-sparteine 

2. Mel 



Ph 



OCb 



-80% 



OCb 



"■n 



OCb 



(79) 



264c (S)-268 (H)-268 

58 to 78 42 to 22 

In situ silylation of the lithium/(-)-sparteine complex (S)-271 derived from 
the (E,E)-9-chloro-2,7-nonadienyl carbamate {E,E)-269 gave the silanes (S)-270 
and (jR)-270 with an e.r. of 22:78 (56% ee); here also thepro-S-H is abstracted 
preferentially [Eq. (80)] [176, 177]. Even more of the initial chiral information is 
retrieved by an intramolecular allylic cycloalkylation of the intermediate (S)-271 
and by performing the deprotonation in toluene at -90°C [176, 177]. The cis- 
substituted 1,2 -divinyl-cyclopentane 273 is formed with an e.r. of 90:10 (80% 
ee). Here, an anti-5^ reaction has to be assumed [177, 178]. 




CbyO 



n-BuLi, (-)-sparteine 
MesSiCi in situ 
toluene, -78 “C 
70% 




(E,£)-269 



(fl)-270 
56% ee 



o-BuLi, (-)-sparteine 
toluene, -90 "C 




273 

98% de 



90 : 10 
90% 



enf-273 
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The isomer {Z,Z)-269 furnished under identical conditions, surprisingly, the 
(lS,2Z,7Z)-cyclonona-2,7-dienyl carbamate 274 with 88% ee, which could be 
converted to the free alcohol 275 [Eq. (81)] [179]. The stereochemical outcome 
implies inversion of the configuration at the carbanionic center. The method 
could also be successfully applied to 5-oxy substituted dienes. 




88% ee 

a) 2.0 equiv />BuLi/(-)-sparteine, toluene, -88 °C. 

b) i) 2.0 equiv CH3SO3H, CH3OH, 65 ”C; ii) KOH/CH3OH, 65 °C. 

The remaining geometrically isomers {2Z,7E)~ and (2£,7Z)-269 [180] lead to 
planar-chiral (£,Z)-cyclononadienes (M,R)-276 (80% ee) and (M,R)-278, re- 
spectively; some divinylcyclopentane 273 is formed from (£,Z)-269 [Eq. (82)]. 
Both cyclononadienes come to equilibrium with the corresponding epimers 
(PyR)-277 or (P,R)-279 above 20°C by inversion of the chiral plane. 




(M,R)-276 (P.fl)-277. 82%, 

dr. = 3:97. 
ftf. = 90:10 



(82) 




(M,fl)-278 (Pfl)-279,57% 

dr. =30:70, 273,25% 

e.r.=92:8 d.r.= 100:0 

e.r. = 90.5:9.5 



a) n-BuLi, (-)-sparteine, toluene, -88 "C. 

b) Epimerization at 20-45 °C. 
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The SN’-cyclization is also suitable for the construction of enantio enriched 
heterocycles as demonstrated by the synthesis of the divinylpyrrolidine 281 
(90% ee) from the dialkenylamine 280 [Eq. (83)] [181]. The absolute configura- 
tion (3R,4R) (elucidated by anomalous X-ray diffraction) again results from an 
antarafacial process at the metal-bearing moiety during the formation of the 
five-membered ring by Sj^’-substitution. 




281 

dr. = 100:0 
e.r. = 95:5 



a) 2.2 Equiv n-BuLi/(-)*sparteine, toluene, -90 ®C. 

It was speculated that a higher substitution degree in the allylic system en- 
hances the configurational stability of the lithium intermediate. In order to ex- 
amine this assumption, an extensive study with (cycloalk-1 -enyl)methyl NJS!-di- 
isopropylcarbamates 282 (R=H) in comparison with the appropriate 2'-methyl 
derivatives was undertaken. Out of the many examples, only a few can be dis- 
cussed here [Eq. (84)] [182]. 

The half-life period of epimerization at -78°C for the cyclopentenylmethyl 
derivative 283a is close to 10 min, whereas the introduction of a 2'-methyl group 
(283b) enhances the configurational stability dramatically. Enhanced configura- 
tional stability is observed for the cyclohexenyl series 283c and 283d. No trace of 
epimerization was detected for 283d during two hours. The 2'-methyl deriva- 
tives are, according to the efficiency of enantiotopos-differentiation and the high 
configurational stability, synthetically very useful chiral building blocks [182, 
183] This is particularly true for their homoaldol reactions. 




n-BuLi, (-)-sparteine 
toluene or pentane 
OCb -78 °C, 10 min 



282a n = 0, R = H 
b n = 0, R = CH 3 
c n = 1, R = H 
dn = 1,R = CH 3 




Li-(-)-sparteine 

MeaSiCI ^ 

(S)-283 

14 

t: 

U(-)-sparteine 
"OC 6 MesSiCI ^ 

"R 

(f?)-283 



SiMes 



{fl)-284 



(84) 



SiMes 

QC°“ 

(S)-284 



We realized another mode for the preparation of stereohomogeneous 1- 
lithio-2-alkenyl carbamates utilizing a chiral auxiliary and a rigid framework in 
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Table 12. [Table to Eq. (84)] 


Product 


Yield [%] 


(Jt)-284:(S)-284 


ee [%] 


Time [min] 


284a 


54 


67:33 


34 


10 


284b 


44 


94.5:5.5 


89 


10 


284c 


78 


77:23 


54 


30 


284d 


20 


92.5:7.5 


85 


10 


284d 


88 


92.5:7.5 


85 


120 



the precursor 285, which might offer another access to stereohomogeneous lith- 
ium carbanions [Eq. (85)] [184], Deprotonation of 285 with «-butyllithi- 
um/TMEDA and quenching of the reaction mixture by different electrophiles led 
to the diastereomerically pure a-substitution products 287a-f. In control exper- 
iments it was demonstrated that the (J?) -lithium compound 286 is the kinetically 
and, as well, thermodynamically favored intermediate, which is substituted a- 
selectively under inversion. We assume that 286 adopts the configuration of the 
nine-membered ring chelate complex 286a; it is, according to PM3 calculation, 
the most stable species in the system [184], 




286 a 



l-(p-Toluenesulfonyl)-2-alkenyl carbamates 288 have highly acidic a-protons 
[185]. The racemic carbanions 289 add to chiral aldehydes 290, and diastereo- 
merically pure alkenones 292 are finally isolated [Eq. (86)] [186-188]. The addi- 
tion proceeds a-regioselectively to form the primary addition product 291. A 
migration of the carbamoyloxy group takes place, and the lithium salt of the a- 
hydroxy sulfone looses lithium p-toluenesulfinate irreversibly, shifting the equi- 
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librium completely towards the finals products. Clearly, only the Felkin-Ahn 
product 291 is involved in the product formation. The functionalized, stereo - 
chemically homogeneous enones 292 offer many possibilities for further useful 
transformations, as was demonstrated in the synthesis of the aminotriol 293 by 
means of standard transformations from 292b [188]. 



n-BuLi 
THF, -78 °C 

Ts 

288 



R H pCb 



SOaP-Tol 



r' OCb 



li© 



Ts 



289 



Ti(0/-Pr)4 




290 




293 



4.3 

Addition to Aldehydes and Ketones; Enantioselective Homoaldol Reactions 
4.3.1 

Applying Racemic 1-Metallo-2-Alkenyl Carbamates 

a-Metallated 2-alkenyl carbamates, in particular the titanium derivatives, add to 
aldehydes and form the corresponding (lZ)-3,4-flnti-4-hydroxy-l-alkenyl carb- 
amates with high simple diastereoselectivity [7, 64, 159, 189]. Since the reaction 
proceeds via a Zimmerman-Traxler transition state, an efficient reagent control- 
led chirality transfer is the result. Eq. (87) illustrates the reaction of the racemic 
metallo-carbamate 266a with the enantioenriched aldehyde (S)-295 [190, 191, 
192]. The diastereomeric addition products 296 and 297 were formed in a 47:53 
ratio; but when applying the racemic aldehyde rac-295, the ratio rac-296 : rac- 
297 shifted to 32:68. (S)-266a and (S)-295, respectively (R)-266a and (R)-295 
form the matched pair [72]. These combinations react preferentially when both 
compounds are present in racemic form. Since no interconversion between the 
enantiomers (R)- and (S)-266a is possible, these are configurationally stable un- 
der the reaction conditions on the time scale of the reactions. Thus, these under- 
go carbonyl addition independent from each other to complete conversion, al- 
though at different rates. If a rapid interconversion of the carbanionic reagent 
occurs, both ratios must be equal. The “Hoffmann test on configurational stabil- 
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ity” [191, 193] is based on these facts, and the depicted example was an impor- 
tant precedent, syn- and anti-diol derivatives such as 296 and 297 have a differ- 
ent polarity on silica gel due to their different ability to undergo intramolecular 
hydrogen bridges; syn-296 is the less polar one. This allows for an extremely fac- 
ile separation of these diastereomers and a safe stereochemical assignment [ 1 94, 
195]. As a consequence, this approach is attractive even if only racemic homoe- 
nolate reagents of type 266 are available. 




BnO OCb 



It 



(R)-266a 




(S)-29S 



H,C. 



,M 

OCb 



(S)-266a 






It 



BnO 



OC6 



OH 




296 



OH 

BnO CH, OCb 



HgC. 



297 



(87) 



M = Ti(NEt) 3 , Ti(Ot-Pr )3 



with (S)-295: -85%, 296:297 = 47:53 [190] [192] 
with rac-295: rac-296:rao297 = 32:68 [191] 



Fig. 5 collects examples for this strategy (only one diastereomer is shown). 



OH 



t-BuMeaSiO 



CHg OCb 



HaC 
f-BuMeaSiO 




[169] 



[169] 




OH 



BnaNMeaSiPh OCb 



[197] 



Fig. 5. 

It has been demonstrated by Pancrazi, Ardisson et ah, that an efficient kinetic 
resolution takes place when an excess of the racemic titanoalkenyl carbamate 
266a is allowed to react with the enantiopure co-hydroxy-aldehyde 300 or alter- 
natively the corresponding y-lactol 299, since the mismatched pair contributes 
to a lower extent to the product ratio [Eq. (88)] [198]. 

Under the best conditions, the ratio of the enantiomerically pure diastereom- 
ers 3,4-anti-4,5-syn (301) and 3,4-anti-4,5-anti (302) is close to 14:1. Surprisingly, 
approx. 9% of the sy«,syn-diastereomer 303 were isolated. According to our own 
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studies and those by Kocienski [199] 3,4-sjn-diastereomers result when the start- 
ing (£)-crotyl carbamate is contaminated by the (Z)-isomer. The reasons which 
apply here are unknown. Extra base has to be used in order to neutralize the free 
hydroxy group. The pure anti, anti-addition product 305 was obtained with 85% 
yield from the reaction of the a-oxy-substituted titanate rac-304 and lactol 299 
[200] . Compound 305 is an intermediate in the asymmetric synthesis of tylosine. 



TIPSQ 



ti, 



o OH 
299 



OTIPS 



OCb 





( 88 ) 



301 

83 



302 

7 



303 

10 



[197] 



THPO 



TIPSQ 






85% 




305 



1200 ] 



4.3.2 

Applying Enantioenriched 1-Metallo-2-Alkenyl Carbamates 

When employing enantioenriched 1 -titano-2-alkenyl carbamates 266 in carbo- 
nyl addition, the selectivity depends on the enantiomeric purity which has been 
achieved in its preparation (see Sect. 4.2). The (E)-crotyl derivative {R)-266a has 
been employed several times [Eq. (89)] [201-203]. 

H3C 

’ (89) 

(H)-266a 306 307 

The optically active homoaldol products 306 are easily converted into y-lac- 
tones 307 by four different pathways, which require an oxidation step (see 
Sect. 4.4). Apphcations in target synthesis include the natural products (-i-)-quer- 






mOH 



CHa OCb 
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Table 13. Various optically active homoaldol products 


306 


R* 


R 2 


Yield [%] 


ee [%] 


Yield 307 
[%] 


Ref. 


a 


(CHjljCH 


H 


90 


90** 


89 


[ 201 ] 


b 


CH 3 


H 


95 


80** 


- 


[ 201 ] 


c 




H 


93 


84“ 


90 


[ 201 ] 


d 


CH 3 CH 2 


H 


90 


_b 


- 


[204,205] 


e 


(CH3)2C=CH-CH2 


H 


62 


92 


70 


[ 202 ] 


f 


H 2 C=CCH 3 


H 


78 


00 


- 


[203] 


g 


H 2 C=Ci-Pr 


H 


81 


90 


- 


[203] 


h 


CH 3 


CH 3 


92 


82 


- 


[ 201 ] 



® Non-optimized preparation of 266a. 
Racemic. 



cus lactone (307c) [201] and (+)-eldanolide (307e) [202]. The reagent (i?)-266a 
has also been appHed in total syntheses of more complicated natural products: di- 
hydroavermectinBjj, by Julia etal. [206],tylonolide [200] and rac-tylonolide [207] 
by Pancrazi, Ardisson et al., and jaspamide [208] and herboxidiene [209] by Ko- 
cienski et al. Some alkenyl carbamates 264 leading to configurationally unstable 
lithium intermediates could be subjected to asymmetric homoaldol reaction with 
less efficiency (Fig. 6); these reactions have not been optimized yet [158, 201]. 




264d 264e 264f 

[201] [201] [158] [201] 



Fig. 6. 

The titanium compounds, derived from the configurationally stable lithi- 
um/(-)-sparteine complexes 283b,d, derived in turn from primary alkyl carb- 
amates, undergo lithium-titanium exchange with chlorotriisopropoxytitanium 
to form the allyltitanates 308 [182]. These add to aldehydes providing the ho- 
moaldol products 309 with high stereoselectivity following the expected stereo- 
chemical course, as could be elucidated by several X-ray crystal structure analy- 
ses under anomalous dispersion. It is currently unknown why the yields are rel- 
atively low (21 -35%), since we could not detect any side products besides traces 
of starting material 282. The corresponding Li/TMEDA complexes, after titana- 
tion, deliver normal yields (71-79%). The homoaldol products are easily con- 
verted to enantioenrichedbicyclicy-lactones of type 310 [183]. 

Enantioenriched 3-(trialkylstannyl)alkenyl carbamates are accessible from 
the lithium compound (S)-265ainboth enantiomeric forms [173]. These can be 
kept for several days in the refrigerator. Metal exchange with titanium tetrachlo- 
ride in the presence of an aldehyde or ketone generates the highly reactive a- 
trichlorotitanium intermediate 312, leading to homoaldol adducts 314 or ent- 
3 14, respectively. From the configuration of these adducts it is concluded that the 
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Li-(-)-sparteine 




CiTi(Oi-Pr )3 




283b, n = 0 
283d, n = 1 



308b, n = 0 
308d, n = 1 



RCHO 



309b, n = 0, R = 4-BrC6H4, 
29%, 92% ee 
309d, n = 1, R = 4-BrC6H4, 
35%, 87% ee 





310 



(90) 



metal exchange proceeds as an anti-S^ process, followed by the usual carbonyl 
addition via a Zimmerman-Traxler transition state, accompanied by a high de- 
gree of chirality transfer [Eq. (91)]. The stereochemical course is in agreement 
with results of Marshall [210,211] and previous results, achieved with 1-substi- 

H3C^^Y.TiCi3 r'-r^cho^ 

OCb 
(H)-312 



tuted derivatives [168]. 




RsSn OCb (anti-Ss) 
(fl)-311 





H3C,^^TiCl3 

OCb 

313 

Enantioselectivt 




HO R® 






(91) 


Table 14. 


R- Y 

Cfl3 OCb 
314 

: Lewis acid cattdyzed homoaldol reactions [Table to Eq. (91)] 


Product 

(314) 


Starting R'' 

material (% ee) 


RS 


Yield [%] 


ee [%] 


Ref. 


a 


(R)-311a(90) 


(CHjljCH 


H 


91 


88 


[173] 


enf-314a 


(S)-311a(82) 


(CHjljCH 


H 


82 


82 


[173] 


a 


(R)-311b (96) 


(CHjljCH 


H 


96 


96 


[173] 


b 


(R)-311b (80) 


(CHjljC 


CH 3 


80 


74 


[173] 


c 


(R)-311b (94) 


EtOCO(CH 2)3 


CH 3 


84 


94 


[173] 


d 


(R)-311b (94) 


EtOCO(CH 2)3 


CH 3 


9ia 


94 


[173] 


e 


(R)-311b 


C2H5 


PhCO(CH 2)3 


67'^ 


94 


[ 212 ] 



“ Isolated as its corresponding lactone. 

29% isolated as the corresponding dihydropyran from intramolecular condensation. 



4.4 

Synthetic Transformations and Applications of 4-Hydroxy-1 -Alkenyl Carbamates 



The vinyl carbamates of type 315, although being enol esters, are very stable un- 
der acidic or basic conditions and can be handled, similar to usual alkenes, with- 
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OH 




O 

315 



Fig. 7. 

out problems [7]. Quite a number of synthetically useful transformations have 
been developed over the years. Five aspects can be addressed selectively by suit- 
able reagents (Fig. 7) 

• the enolic double bond, 

• the C=0 group of the carbamoyl moiety, 

• the 4-hydroxy group, 

• the highly acidic 1 -H, 

• the whole carbamoyl group by vinylic substitution. 

Several of the reactions, mentioned in this chapter, proved to be successful for di- 
astereomerically pure, but racemic substrates 315. No reason is seen why racemi- 
zation or epimerization should occur and therefore application to optically active 
substrates is possible without expecting difficulties. Of course, one must take into 
account possible sensitive functional groups present in the residues and R^. 

Atom C-1 in 315 is in the oxidation stage of an aldehyde, or a ketone in 1 -alkylat- 
ed products. The necessary solvolytic attack of the enolic double bond requires 
substoichiometric amounts of a catalyst such as mercuric acetate or palladium 
chloride and one equivalent of acid (e.g.,methanesulfonic acid) for binding the hb- 
erated diisopropylamine. If the 4- hydroxy group is free, then when using methanol 
as solvent, anomeric lactol ethers 316 are formed with high yields [Eq. (92)]. 

Oxidation by the Grieco method [213] leads to y-substituted y-lactones 
[Eq. (92)] [174, 183, 196, 197,214,215]. 




[1971 



a) 0.1-0.25 equiv Hg{OAo) 2 , 2 equiv MeSOsH, MeOH. 

b) m-CPBA, BFa'EtjO or MeSOaH, CHjCla. 
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Another approach for the deprotection of highly functionalized enol carb- 
amates is based on hydroboration [Eq. (93)] [196, 197]. 



Cbo 





[196] 



(93) 



[197] 




a) 2-methoxypropene, cat. POCI 3 , DMF. 

b) i) BHa'MeaS (2-4 equiv), 0-50°C; ii) 30% HjOs/NaOH. 

c) PDC. 

d) Jones reagent, acetone, r.t. 

If Lewis acid-sensitive double bonds are located in the residues or R^, an 
indirect oxidation of the vinylic hydrogen via lithiation/sulfenylation turned out 
to be a good solution [216, 217], and was applied during the final steps of (- 1 -)- 
eldanolide 321 synthesis [Eq. (94)] [216]. 




p a R = H a) MegSiCI, EtgN, CHaClj, 92%. b) i) n-BuLi/TMEDA, -78 “C; 

bR = SiMe 3 ^ ii) MeSSMe. c) MeSOsH, MeOH/HaO, 40 °C. [216] 

According to results published by Ferezou et al. the N,N-diisopropylcarb- 
amoyl group of homoaldol adducts can be directly attacked by “slim” nucle- 
ophiles such as lithium ethynylide or excess methyllithium [Eq. (95)] [218]. The 
TIPS ether 323 was treated with 3 equiv. of methyllithium to yield (via the Z-eno- 
late 325) the aldehyde 327. With the free alcohol 322 and 4 equiv. of methyllithi- 
um the lactol 324 is obtained. Trapping of 325 by TBSCl gives rise to the synthet- 
ically valuable Z-silyl enol ether 326. 




322 R = H 

323 R = Si( 7 Pr )3 



OTIPS 




325 



OTIPS 




327 



R = 



H a.b 



c 84% 



( 95 ) 




OTIPS 




a) 3 or 4 equiv. MeLi, THF, 0°C. 

b) NH 4 CI/H 2 O. 

c) f-BuMegSiCI, TMEDA^'HF. 



324 88 % 



326 



[218] 
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Z-fln?i-4-Hydroxy-l -alkenyl carbamates 328, when subjected to substrate-di- 
rected, vanadyl-catalyzed epoxidation [219, 220, 221], lead to diastereomerically 
pure epoxides of type 329 [Eq. (96)] [192, 203, 222], These epoxides are highly 
reactive in the presence of Lewis or Bronsted acids to form (3-hydroxylactol 
ethers 331; in some cases the intermediate lactol carbamates 330 could be isolat- 
ed [192]. However, most epoxides 329 survive purification by silica gel chroma- 
tography [192]. The asymmetric homoaldol reaction, coupled with directed 
epoxidation, and solvolysis rapidly leads to high stereochemical complexity. 
Some examples are collected in Eq. (96). The furanosides ent-333 and e«t-332, 
readily available from (J?)-0-benzyllactaldehyde [192] have been employed in a 
short synthesis of the key intermediates of the Kinoshita rifamycin S synthesis 
[223, 224]. 1,5-Dienyl carbamates, obtained from 2-substituted enals, provide a 
facile access to branched carbohydrate analogues [203]. Epoxidation of the 1,2- 
double bond is followed by asymmetric attack at the 5,6-double bond; both ox- 
irane rings in 334 can be opened separately under controlled conditions [203]. 




6 H 3 OCb 

328 




OH 



H3O 



OH 



H3C. 



I '3Vy 



OBn 



OH 



OBn CH3 OCb 






H3C OH 



81 






7^ HgC. 



OBn CH3 OCb 



OMe 



OBn 



332 [192] 

HaO. jpH 



OBn CH 3 OCd 

a,c|58% 

Hga OH 



56-77% 



UM 

^ H 3 C 

OBn CH 3 OCb OBn 



333 [192] 



(96) 



OH 



CH 3 OCb 



OH 

6 H 3 OCb 

334 



[203] 



a) f-BuOOH, cat. VO(acac )2 (1 mol%), CH 2 CI 2 , 

b) i) MeSOaH (1 .0 equiv), MeOH, r.t.; ii) EtgN. 

c) i) HCI, H 2 O/THF, 65 “C; ii) EtaN. 

d) i) f-BuOOH, cat. VO(acac )2 {10 mol%), 
CH 2 CI 2 ; ii) t-BuOOH, Ti(OAPr) 4 , 
(+)-{fl,/^-diisopropyl tartrate. 

e) ZnCIg/EtgO, THF. 



b|91% e| 74% 




Strong nucleophiles applied under basic conditions attack epoxides 329 at C- 
2 with inversion of the configuration, leading to trans,trans-2,3,4-trisubstituted 
y-lactols 335 which are easily oxidized to the corresponding y-lactones 336 
[Eq.(97)] [225]. 

The enol carbamates 337 can be regarded as weak enolate reagents. This type 
of reactivity is released by reactions with aldehydes, ketones, or the correspond- 
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329a 




336 



335a-d 



335 Nu yield [%| 

a OAc 71 

b OPh 64 

c Na 63 

d SPh 89 



a) 2 equiv M*Nu , DMF, 90 °C. 

b) CrOa ■ 2 pyridine. 



[225] 



(97) 



ing acetals under boron trifluoride catalysis [Eq. (98)] [226]. Stereochemically 
homogeneous, tri- or tetra-substituted 3-tetrahydrofuran-3-carbaldehydes or 
ketones 341 or 338 are isolated in high yields. Presumably, the (E)-oxonium ions 
339 are formed via the attack at the free hydroxy group and undergo intramo- 
lecular Mukaiyama-type reactions to form the cations 340, which are subse- 
quently hydrolyzed to give the carbonyl compounds 341. For cyclization, the in- 
termediate 339 adopts the particular conformation which avoids 1,3-allylic 
strain [166]; this turns out to be a powerful tool for controlling the diastereose- 
lectivity. Some examples are collected in Eq. (98). The 8-oxo derivatives 342 un- 
dergo an intramolecular version to form 8-oxabicyclo [3.2.1] octanes 343 [212]. 




r“cho 

BFg" Et20 




R'^aCO or 
R‘*2C(OMe)2 
BFa'EtaO 




+ HaO^" 



HOCb 



I 



OCb 





340 

OH 




337a 

OH 




OBn - OCb 



337b 




339 




338 



[226] 



[226] 



[226] 



[212] 



(98) 



342 



343 
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According to Eq. (99), stereochemically homogeneous 3-carbonyl-substitut- 
ed tetrahydrofurans are constructed in a brick-box system by sequential ho- 
moaldol and aldol reaction. The metallated allyl carbamate serves as an equiva- 
lent for the chiral dianion A, which accepts two different aldehydes B and C in a 
highly controlled manner [226]. 




o 

A 1 

.W. R’ 




A 



341 



B C 



(99) 



In comparison to other vinylic compounds [227], the vinyl proton in 1 -alkenyl 
carbamates has a very high kinetic acidity [199,228-230]. After protection of the 
4-hydroxy group in the homoaldol products by silylation, deprotonation (n-Bu- 
Li, TMEDA, diethyl ether, or THE) is complete at -78°C [Eq. (100)], and the re- 
sulting vinyllithium can be kept at this temperature without decomposition for 
several hours. Stannylation [199], silylation [229], methoxycarbonylation (with 
methyl chloroformate) [229], and alkylation (with propyl iodide/HMPA) [199] 
to form the carbamates 347 proceed without difficulties. Addition of aldehydes 
or ketones furnishes the alcoholates, such as 348, which rearrange with migra- 
tion of the carbamoyl group to give lithium enolates 350; after aqueous workup, 
mixtures of alkenols 349 and ketones 351 are obtained [229]. Similar acyl migra- 
tions have been observed for simpler substrates by Snieckus and Sengupta [228]. 



OSiRhR^ 

' * OCb 



OSiR^2R' 

tYv 



Li 

OCb 



OSiR’2R^ 




345 

a = Mg, = f-Bu 
b = Me 



346 



>-40 “C 



-LiOCb 



347 




OSiMea 
I ■ OCb 




345b 



348 



350 



H© 



30% 




(100) 



a) BuLi/TMEDA, THF or EtgO, -78 °C. 

b) acetone. 



349 



351 



[229] 
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Tablets. 


[Table to Eq. (100)] 








347 


R* 


R 2 


El 


Yield [%] 


Ref. 


a 


Me 


t-Bu 


MejSn 


95 


[199] 


b 


Me 


t-Bu 


CH 2 CH 2 CH 3 56 


[199] 


c 


Me 


Me 


McjSi 


93 


[229] 


d 


Me 


Me 


C 02 Me 


69 


[229] 



When warming these vinyllithiums of type 346 to temperatures above -40 °C, 
a Fritsch-Buttenberg-Wiechell rearrangement, which includes the a-elimina- 
tion of lithium carbamate and the migration (with retention of configuration) of 
the alkyl group attached at C-2 to C-1, provides 1-alkynes [199]. 

A number of further useful reactions, involving organometallic reagents, 
have been developed - mainly by Kocienski et al. - for converting 4-hydroxy-l- 
alkenyl carbamates into various alkenes [Eq. (101)] [199, 231-234]. For each re- 
action type, only one example is depicted. 




OTBS 

^ R 

[119] 




[199] 




I ‘ OCb 






63-90% 



OTBS R 

,Cu(CN) 



-,20 






OCb 



2Li“ 







[234] 



u 



345a 




[232] 



(101) 



a) BuMgBr, (dppe)NiCl 2 . 

b) i) n-BuLi/TMEDA,; ii) MeaSnCI; Hi) RCu(CN)Li, -78 °C -> 0 °C. 

c) i) r-BuLi, > -40 °C; ii) PhSSOjPh, -10 “C ^ r.t.; Hi) BuaSnH, 

Pd(0); iv) n-BuLi, THF, -78 °C; v) ZnBrsTTHF, -» r.t.; vi) Arl, Pd(0). 

d) i) 0.2 equiv EtMgBr, 0.1 equiv NiCi 2 (PPh 3 ) 2 ; ii) 3.0 equiv 

CH3(CH2)3CsC-MgBr. 

These reactions involve metallate rearrangements [231], migratory insertion 
and transition metal-catalyzed vinylic substitution reactions. They also perform 
well in applications in natural product synthesis [204, 205, 209, 233]. 

Many useful synthetic possibilities arise from application of ring-closing ole- 
fin metathesis (RCM) to unsaturated homoaldol products and their derivatives 
by means of the Grubbs catalyst 354 [235-237]. Eq. (102) collects some examples 
[217]. 
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( 102 ) 



a) 354 (30 mol%), CHsClj, r.t. 

b) 354 (5 mol%), GHjClj, r.t. 
0 ) 354 (3 mol%), CHaCIa, r.t. 



P(C6H„)3 

Ckl 

Ci^Ruri^ph 

P(C6H„>3 



[217] 



354 



The N,N-diisopropylcarbamoyloxy group, as seen in the allylic ether 352a, in- 
terferes with the catalyst; high amounts of 354 are required. The metathesis re- 
action proceeds more smoothly when the vinyl carbamate is converted into an 
ester (see subsequent examples). 



5 

Metallated 2-Alkynyl Carbamates 

2-Alkynyl carbamates 355 are acidic enough to be rapidly deprotonated by n- 
butyllithium/TMEDA in diethyl ether [Eq. (103)] [238, 239]. The resulting lithi- 
um compounds rac-356 possess a propargylic structure; this was demonstrated 
in NMR investigations by Reich [240]. After lithium -titanium exchange, the tita- 
nium intermediates rac-357 undergo carbonyl addition with high simple dias- 
tereoselectivity to form the sy«-4-hydroxy-l,2-alkadienyl carbamates rac-358. 



TMEDALi O 



OCb 



n-BuLi/TMEDA 



355 



(j-PrOlaTI O 

^O^N(/-Pr)3 

d1^^ 




Ti(0^-Pr)4 



OH 



OCb 



(103) 



357 



rac-358 
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Some interesting elimination and rearrangement reactions for the allenic alco- 
hols rac-358 have been developed [241-243]. 

A hint to asymmetric deprotonation and a certain configurational stability of 
the resulting lithiated primary 2-alkynyl alkenyl ether, can be taken from a re- 
port by Marshall et al. [244]. In an extensive study, enantio enriched secondary 
alkynyl carbamates {R)-559 were deprotonated (n-BuLi/TMEDA, hexane, 
20 min at -78°C) and added to achiral aldehydes to form mixtures of the adducts 
syn- and anti-565 [Eq. (104)] [9]. It turned out that the ion pairs, derived from 
the 3-pentyn-2-yl derivative (Jf)-359c, underwent complete racemization. The 
ferf-butyl substituted alkynyl carbamate (J?)-359a retained its chiral informa- 
tion completely, resulting in a complete chirality transfer (c.f.=100%). It was 
shown that, in both diastereomers, the allene moiety has the identical sense of 
axial chirality. With the cyclohexyl derivative (k)-359b, some erosion of chiral 
information was observed. The low simple diastereoselectivity of the aldehyde 
addition could be improved by metal exchange by addition of titanium tetraiso- 
propoxide [9] . With our present-day knowledge it is assumed that the lithium ti- 
tanium exchange was incomplete under the applied reaction conditions and 
chlorotriisopropoxy titanium is expected to be a better-suited reagent [245]. 




(R)-359 

a R = f-Bu 
b R = c-CgHji 
c R = Me 



HaQ LiJMEDA 
N(EPr)2 

(fl)-360 



H3O® 
r' = (-Bu 



>> 





CH3 

361 



(104) 




a) /7-BuLi/TMEDA, EtgO, 20 min, -78 °C. 

b) i) + R^CHO; ii) aqueous workup. 



Table 16. [Table to Eq. (104)] 



363 


R* 


R2 


c.t. [%] 


Ref. 


a 


f-Bu 


CH3 


100 


[9] 


b 


c-CgHji 


f-Bu 


73 


[9] 


c 


CHj 


CH(CH3)2 


0 


[9] 
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Hydrolysis of (J?)-360a furnished the allene 361 (of unknown configuration) 
with complete chirality transfer [9]. 

The deprotonation of primary 2-alkynyl carbamates 364 by the sparteine 
method leads to complexes 365 which are not configurationally stable in solu- 
tion (diethyl ether, toluene, pentane) even at -78°C [245]. For intermediates (S)- 
365a and (S)-365b conditions could be found for the kinetic resolution by pref- 
erential crystallization of one of the diastereomers. (S)-365a,b are transmetallat- 
ed by rapid addition of chlorotitanium tri(isopropoxide) from the solid state 
with complete inversion of the configuration; subsequent addition of an alde- 
hyde leads to the highly enantio enriched, diastereomerically pure allenyl carbi- 
nol 367 with greater than 93% ee [245]. Protonation of the titanium intermedi- 
ates (S)-366a,b furnishes the enantio enriched allenyl carbamates (M)-368a,b 
(80%, 84% ee, and 86%, 88% ee, respectively) [245]. 



OCb 



364 

a r' = f-Bu 
b r' = SiM 03 
c R^ = 



H Li-(-)-sparteine (-)-sparteine Li H 

*-■ b 



OCb 



(S)-: 



^ OCb 



(R)-365 



OCb 



H 



(Ot-PrjaTi H 



r'- 






OCb 



H Ji(0/-Pr)3 



(M)-368 

a R' = (-Bu 
b = SiMeg 



(fl)-366 



e 70-80% 



(S)-366 



OCb 




367 

> 93% ee 



(105) 



a) s-BuLi/{-)-sparteine, pentane, -78 °C. b) Crystallization of (S}-365 or b. 
c) CITi(OAPr) 3 , -78 “C. d) HOAc. e) i) R^CHO, -78 °C; ii) HOAc. 



Allene 368a is deprotonated by n-butyllithium/TMEDA adjacent to the car- 
bamoyl group, leading to the configurationally stable ion pair 369a with axial 
chirality (see Clayden in this volume)] [Eq. (106)] [246]. By addition to a,(3- 
enones to yield the alkoxides 370a, an interesting series of subsequent rear- 
rangements is triggered [246]. 
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OCb 




H 



s-BuLi/TMEDA 
toluene, -78 °C 




368a 369a 

( 106 ) 



[246] 

370a 

Transient enantio enriched 1-lithio-l-alkoxyalkynides have been generated 
via lithiodestannylation by Nakai for enantioselective Wittig rearrangements 
[247] (s. a. Hodgson et al, in this volume). 
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1 

Introduction 

Asymmetric carbon-carbon and carbon-heteroatom bond formation at a car- 
bon adjacent to nitrogen can be accomplished by the lithiation-substitution se- 
quence shown for the conversion of 1 to 2 to 3 [1, 2]. The combination of a di- 
recting group Z on nitrogen and an enantioenriched ligand which directs a de- 
protonation of 1 ( Y =H) to provide an enantioenriched carbanionic intermediate 
2 has been used in a number of asymmetric syntheses. The fact that the ligand 
can induce enantioselectivity in the reaction of 2 is an emerging methodology. 
The tin-lithium exchange approach, whether from a racemic or enantioenriched 
1 (Y=SnR 3 ),has been known for some time (Scheme 1). 
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Scheme 1. 



We will present principles and recent developments with illustrative applica- 
tions which guide this chemistry. Our focus will be on representative results in 
which a chiral auxiUary or a chiral ligand controls the formation of a diastereomer- 
ically enriched organolithium intermediate, which provides an enantioenriched 
product. A few cases in which a preexisting stereogenic center controls the stereo- 
selectivity will be noted. Classic asymmetric syntheses via carbanions which have 
an anion stabilizing group, typically a carbonyl group, on the carbon bearing the 
nitrogen and those in which chemical or enzymatic resolutions follow formation 
of a racemic product obtained by lithiation-substitution will not be covered. 

1.1 

Reaction Pathways 

The general reaction pathways for conversion of an amine derivative 1 to an 
enantioenriched product 3 in a lithiation-substitution sequence are shown in 
Scheme 2. In the deprotonation pathway, 1 (Y=H) is achiral. In the first step, for- 
mation of a complex between the organolithium base, chiral ligand and the sub- 
strate is supported by structural and kinetic studies, investigations of isotope ef- 
fects and calculations. The formation of a complex is not obligatory for directed 
metallations, but is definitively established in a closely related directed metalla- 
tion and has been used to rationalize these cases [3-6]. Tin-lithium exchange is 
considered to proceed via an ate complex and can give a racemic or enantioen- 
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riched intermediate. For the tin-lithium exchange protocol, 1 (Y=SnR 3 ) can be 
racemic or enantioenriched. The enantiodetermining step in a sequence can be 
either the formation of the carbanionic intermediate or its subsequent reaction 
with an electrophile. In the case of stereocontrol by an asymmetric deprotona- 
tion or reaction of an enantioenriched tin precursor, the carbanionic intermedi- 
ate 2 must be formed highly stereoselectively, maintain its configuration, and re- 
act highly stereoselectively with the electrophile to afford a highly enantioen- 
riched product. If enantioselectivity is established to be an asymmetric substi- 
tution, there are two possibilities. The epimeric organolithium diastereoi- 
somers, {R)-2 and (S)-2, can be in rapid equilibrium with respect to the rate at 
which they react with an electrophile in a dynamic kinetic resolution. Alterna- 
tively, the rate of interconversion of the epimeric intermediates can be slow with 
respect to the rate of reaction with the electrophile in which case the reaction 
pathway is a dynamic thermodynamic resolution [7]. 
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Scheme 2. 



The lithiation-substitution of N-Boc-N-(p-methoxyphenyl)-benzylamine (4) 
in the presence of (-)-sparteine (5) is illustrative of an asymmetric deprotona- 
tion (Scheme 3). Lithiation of 4 with /i-BuLi in the presence of (-)-sparteine fol- 
lowed by electrophilic incorporation with methyl triflate provides (S)-6 with an 
enantiomeric ratio of 97:3. Generation of the epimeric organolithium interme- 
diates by tin-lithium exchange from (S)-7 in the presence of (-)-sparteine pro- 
vides the epimeric product {R)-6 with a 95:5 er. Additional proof that the enan- 
tioselectivity is not established in the methylation is the demonstration that gen- 
eration of the racemic organolithium species in the presence of (-)-sparteine by 
tin-lithium exchange of the racemic tin precursor followed by methyl triflate 
provides a racemic product [8]. 
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Scheme 3. 

Enantio enrichment can be established as an asymmetric substitution in the 
reaction of the carbanionic intermediate 2 with the electrophile. This reaction 
pathway can be established by generation of a racemic organolithium interme- 
diate prior to addition of the chiral ligand and the electrophile and observation 
of an enantioenriched product. In these asymmetric substitutions the influence 
of the chiral ligand is demonstrated through thermodynamic and/or kinetic ef- 
fects. The lithiation-substitution of N-pivalolyl-o-ethylaniline (8) is illustrative 
of the former. Generation of 9 with sec-BuLi followed by addition of (-)- 
sparteine prior to chlorotrimethylsilane (TMSCl) provides with enan- 

tio enrichments which are dependent on reaction conditions. As shown in 
Scheme 4, if the initial reaction is kept at -78°C, a modest yield and very little 
enantio enrichment is observed. However, if the reaction mixture is warmed to - 
25°C after the addition of (-)-sparteine and cooled back to -78°C before addi- 
tion of the electrophile, the yield improves and the enantioenrichment is en- 
hanced to 90:10. It is notable that when the initial temperature is kept at -78°C 
and 0.1 equivalent of the electrophile TMSCl is used, the enantiomeric ratio is 
91:9. Finally, if a cycling sequence of a warm/cool process is combined with nine 
sequential additions of 0.1 equivalents of the electrophile, the yield is enhanced 
and the enantiomeric ratio is improved to 99:1 [9-11]. These results are clearly 
inconsistent with a dynamic kinetic resolution. 

A reaction profile which provides an understanding of these observations is a 
dynamic thermodynamic resolution as described in Fig. 1 [7, 9-11]. The initial 
reaction of 9 with (-)-sparteine carried out at -78°C produces effectively a one- 
to-one mixture of epimers at the carbanionic carbon as non-equilibrating dias- 
tereomeric complexes. The reaction with one equivalent of the electrophile then 
captures all of the carbanionic species to give an essentially racemic product. 
When the reaction is warmed to -25 °C prior to the addition of the electrophile, 
equilibration occurs and the diastereomeric complexes achieve their thermody- 
namic equilibrium. Rapid cooling to -78°C maintains this ratio and subsequent 
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Fig. 1. Energy diagram for a dynamic thermodynamic resolution 



reaction of 1 equivalent of the electrophile then reflects the population of the 
equilibrated species with a significant improvement in the enantiomeric ratio. 
The fact that 0.1 equivalent of the electrophile also produces an improved enan- 
tiomeric ratio reflects the fact that the activation energies for the reaction of 
each of the diastereomeric complexes with TMSCl are different. In this case the 
more stable diastereomer is the more reactive. 

Understanding the reaction profile opens the way for the experiment in which 
sequential additions 0.1 equivalent of the electrophile are followed by thermal 
re-equilibrations of the organolithium intermediate. The results show the in- 
creased population of the more stable diastereoisomer ((S)-IO* 5) and the signif- 
icant improvement of the enantiomeric ratio. With understanding of the reac- 
tion profile, an essentially racemic reaction can be converted to a reaction which 
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gives a highly enantioenriched product. Dynamic thermodynamic resolution is 
not limited to this case, nor for that matter to this type of reaction, but is much 
more widely applicable. It clearly offers other strategies for improvement of 
enantiomeric ratios and for preparations of each enantiomer in a reaction se- 
quence [7,9-11]. 

Dynamic kinetic resolution is a well-recognized pathway for enantioenrich- 
ment of epimeric species. In a dynamic kinetic resolution the equilibration of 
the diastereomeric species is fast with respect to the rate of reaction of the elec- 
trophile and the enantiomeric ratio is determined only by the difference in acti- 
vation energies for reaction of each diastereomer with an electrophile [12]. 

The direct deprotonative approaches with an enantioenriched ligand from a 
prochiral reactant are synthetically most convenient; however, the tin-lithium ex- 
change is able to provide more diverse intermediates. Both approaches have been 
used to achieve asymmetric bond formations at carbons adjacent to nitrogen. 

2 

Alkyl Systems 
2.1 

Chiral Auxiliary Mediated Reactions 

When there is a heteroatom as a second substituent on the anionic carbon bear- 
ing nitrogen, asymmetric reactions provide an enantioenriched formyl anion 
synthetic equivalent. Gawley has used the chiral auxiliary approach in a depro- 
tonation-substitution sequence to make highly diastereoenriched 13 and 14, 
and converted the separated diastereoisomers to the enantiomeric diols 18 and 
19 (Scheme 5). A number of cases are reported. Structural, kinetic and compu- 
tational studies were carried out and found to be consistent with reaction via a 
complex species [13]. 

In an extensive investigation, Seebach has developed a deprotonative chiral 
auxiliary approach with an oxazolidinone to provide a reagent for enantioselec- 
tive formylation of aldehydes and ketones [14-16]. Lithiation-substitution of 20 
gives a diasteromeric mixture of 21, as representative examples, with the major 
diastereoisomer formed in drs greater than 70:30, and up to 95:5 in most cases. 
The separated diastereoisomers were converted to highly enantioenriched 
products via the hemiaminal and hydrolysis, as shown in the representative ex- 
amples in Scheme 6. Additions to imine derivatives were also found to be possi- 
ble in this approach [14-16]. 

Syntheses of enantioenriched acyclic alkyl a-lithioamine derivatives have 
been accomplished by tin-lithium exchanges, usually from highly enantioen- 
riched precursors. The chiral centers have been synthesized by three different 
approaches and the enantioenriched a-lithioamines were found to have good 
configurational stability, although this is very much a function of the solvent, 
temperature and ligand [17, 18]. 

In early work, Pearson reported an extensive study of imidazolidin-2-ones 22 
and oxazolidin-2-ones 24 as chiral auxiliaries to provide diastereoisomeric pre- 




Enantioselective Synthesis by Lithiation Adjacent to Nitrogen and Electrophile Incorporation 



145 





OTBS 

93%, 99:1 er 




r' 




Yield (21) <%) 


dr (21) 


* 


2-naphthyl 

p-MeOCfiH4 


H 

H 


87 

92 


91:9 

91:9 


I QH 

/^Y^R 


i-Pr 


H 


84 


71:29 


OTBS 


Ph 


Me 


76 


91:9 


R = Me, 76%, 83:17 dr, 99:1 er 


3-Me-2-furyl 


Me 


60 


95:5 


R = Ph, 79%, 80:20 dr, 99:1 er 


Ph 


H 


77 


98:2® 






OMOM 
91%, 99:1 er 



^Protected as MOM ether 
Scheme 6. 




146 



Peter Beak, Timothy A. Johnson, Dwight D. Kim, Sung H. Lim 



cursors for tin-lithium exchange (Scheme 7) [19, 20]. The tin compounds were 
prepared by displacement reactions and the separated diastereoisomers were 
subjected to tin-lithium exchange and electrophilic substitution. Good yields 
were obtained as shown for representative cases. An important finding was that 
epimeric tin derivatives can lead to the same diastereoisomeric product ratios, 
due to equilibration of the lithiated intermediates. 
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Scheme 7. 

A recent development of this approach by Jeajean et al. is a synthesis of highly 
enantio enriched amino acids from the oxazolidinone 26, as illustrated in Eq. (1 ) 
for the preparation of 27 with drs of 96:4 [21]. 



( 1 ) 

26 27 

R = CH 2 CH 2 SMe, CH 2 CH 2 SBn, Me 

Nakai and coworkers have reported that a mixture of diastereomeric tin pre- 
cursors 28 can be used to provide highly enantio enriched products, as shown for 
the conversion of 28 to 29 (Scheme 8). Furthermore, reduction of 29 is diastere- 
oselective to afford (following chiral auxiliary removal) enantioenriched (3-ami- 
no alcohols, 30 [22] . In another report, Nakai has described the conversion of the 
diastereomeric organolithium intermediates from tin-lithium exchange of 28 to 
copper species which can be used for 1,4 additions to a,(3-unsaturated aldehydes 



O Sn(.-Bu )3 O CO 2 H 
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and ketones to provide 31 [23]. The conversion to the amino alcohol 32 from the 
cyclohexanone adduct illustrates the methodology for the preparation of 32. 

A chiral auxiliary approach to control a carbolithiation from a tin precursor 
has been used by Coldham and coworkers [24-26]. The lithiation-cyclization of 
33 produced 34 with a dr of 79:21 in the presence of (-)-sparteine, and a ratio of 
74:26 in the absence of the ligand, Eq. (2). 



Me*^Ph 

33 34 

74%, 79:21 dr 

Gawley has used the chiral auxiliary approach to prepare highly diastereoen- 
riched 2-tri n-butyltin-substituted piperidines from 35 [27]. Replacement of the 
chiral auxiliary on nitrogen by a methyl group and tin-lithium exchange pro- 
vides 36 which on alkylation and acylation gives 37 with high enantioenrich- 
ments by retentive and invertive pathways (Scheme 9). This work along with the 
studies of corresponding pyrrolidine derivatives (vide infra), showed the N- 
alkyl organolithium species to be configurationally more stable than the N-Boc 
analogues [17]. 

Chong showed that acylstannanes can be asymmetrically reduced and sub- 
jected to subsequent displacement by carbamates to afford 38 with high stere- 
ointegrity [28,29]. 

Tin-lithium exchange of 38 followed by carboxylation provided the expected 
carboxylic acids 39 in good yield with ers up to 94:6 depending on the reaction 
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conditions. The same sequence carried out with 40, followed by reduction af- 
forded 41 in good yield with an er of 97:3 (Scheme 1 0). However, if the «-pentyl 
group is replaced by an f-Pr group, the configurational stability of the interme- 
diates is reduced. 



Scheme 10. 
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2.2 

Chiral Ligand Mediated Reactions 

The prototypical case for asymmetric deprotonation of a cyclic N-Boc amine fol- 
lowed by substitution, is the reaction of N-Boc-pyrrolidine (42) with sec-BuLi/(- 
) -sparteine which has been reported from our laboratory. The organolithium in- 
termediate (S)-43 reacts with electrophiles to provide {R) or (S)-44 with signifi- 
cant enantio enrichment (Scheme 11). Enantioselectivity is established in the de- 
protonation step [30,31], the structure of the organolithium base has been deter- 
mined and the kinetics are consistent with formation of a complex in the depro- 
tonation [32, 33] . Theoretical calculations are consistent with the selective remov- 
al of the pro-S hydrogen in an N-Boc-pyrrolidine alkyllithium complex in which 
the major factor in preference for removal of the pro-S hydrogen is relief of steric 
interactions on proceeding from the complex to the transition state for deproto- 
nation [3-6]. Efforts to design chiral ligands which would be more effective than 
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(-)-sparteine in this deprotonation have revealed that the basic bispidine core 
structure is a favored structural motif [34, 35]. Although other ligands appear to 
be more effective at binding to the organolithium and have a higher asymmetry, 
we speculate that the advantage of (-)-sparteine lies in its intermediate binding 
capacity. The ligand needs to be firmly bound to be present in the critical transi- 
tion state. However, the binding must not be so strong as to prevent reaction with 
a substrate relative to the ligand free background reaction. Further studies estab- 
lished that there was an optimal bond distance and bond angle relationship be- 
tween the activating carbamate group and the proton to be removed [36]. 
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Scheme 11. 



An interesting feature of the C 2 character of N-Boc-pyrrolidine is that sequen- 
tial substitution by the same electrophile leads to significant improvement in 
enantioselectivity as illustrated for the conversion of 42 to (S,S)-45, Eq. (3). 
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Dieter and coworkers have shown the copper-lithium exchange of (S)-43 can 
maintain configuration and yield the vinylation products 46 in good yields with 
useful enantioselectivities (Scheme 12) [37]. Although the copper intermediate 
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adds to vinyl halides, racemization is observed when reaction conditions, such 
as temperature and solvent, are varied. 

Extensions to related systems have been reported. Treatment of 47 with sec- 
BuLi and (-)-sparteine in cumene, followed by reactions with electrophiles gives 
products 48 with variable yields but often good enantioselectivities 
(Scheme 13). The regioselectivity of the lithiation depends on solvent with sub- 
stitution being observed at the 7-position, in some cases [38]. 
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Coldham has reported an application of this approach to provide enantioen- 
riched derivatives of 1,2 -diamines, as demonstrated by the conversion of 49 to 
50 (Scheme 14) [39]. The substituted imidazoline intermediate was obtained 
with an er of 92:8 on reaction with benzophenone while reaction with allyl bro- 
mide gave racemic product. An interesting aspect of Coldham’s study is the fact 
that the yield in the initial lithiation appears to be related to the rotational con- 
former of the Boc group which provides a complex which orients the base to re- 
move the pro-S proton selectively. 
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An asymmetric deprotonation of 51 has been reported by Rise and Yoshida to 
give a lithiated intermediate which reacts with benzaldehyde to give 52 with a 
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95:5 er, and 53 with a 94:6 er. If exchange is carried out with MgBr 2 , the diaster- 
eoselectivity improves from 46:54 to 90:10, albeit with a slight erosion in enan- 
tioselectivity, Eq. (4) [40]. 
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1. sec-BuLi/5 
(MgBrz) 

2. PhCHO 





(4) 



Efforts to extend the direct asymmetric lithiation and substitution from N- 
Boc-pyrrolidine to N-Boc-piperidine have not been successful. Although a low 
yield of an enantioenriched product can be obtained from N-Boc-piperidine, 
competing reactions intervene, a result which is consistent with calculations 
[41]. 

Meyers has used the tri n-butylstannyl-N-Boc-pyrrolidine 54, obtained by 
asymmetric deprotonation and stannylation of h/-Boc-pyrrolidine (vide supra), 
to generate 55, for investigation of its configuration stability. Gawley used the 
approach to 57 for a similar study, as well as for the preparation of a number of 
enantioenriched derivatives 58 (Scheme 15) [42-45]. The general conclusion is 
that a-lithio-N-alkyl derivatives show greater configurational stability than do 
a-lithio-N-formamidine and a-lithio-N-Boc derivatives. The configurational 
stabilities, however, are very much a function of ligand, solvent and temperature 
[17,18]. 
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Two interesting invertive [2,3] sigmatropic rearrangements of a-lithioamines 
from tin derivatives of pyrrolidine, which have been reported by Gawley, are 
shown for the conversions of 59 to 60 and 61 to 62 (Scheme 16) [46]. An isotopic 
substitution showed that the rearrangement of 59 has a [1,2] sigmatropic com- 
ponent. 

Intramolecular carbolithiations from tin derivatives to afford 4-, 5-, or 6- 
membered rings have been reported by Coldham and coworkers [24-26]. The 
reaction is shown for the conversion of 63 to 64 and 65 (Scheme 17). The cycli- 
zation is more selective for four- and five-membered ring formation than for the 
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six-membered ring formation in the unsubstituted cases. In the later case, sub- 
stitution of a thiophenyl group at the double bond increases the rate of cycliza- 
tion relative to the rate of epimerization. This careful study measured the rate of 
epimerization of the intermediate organolithium. 
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2.3 

Asymmetric Center Mediated Reactions 

Although it is outside the scope of this review, it is important to note that dias- 
tereoselective lithiation-substitutions of enantioenriched substrates which have 
a permanent chiral center can be very useful. A representative example which in- 
dicates the flexibility of the approach is the conversion of (S)-66 to the cis- and 
fra«s-2,6-disubstituted piperidine natural products, 67 and 68 (Scheme 18) [47, 
48]. The key to the synthesis of both diastereomers is initial formation of trans- 
products which, in case of formylation, can be equilibrated to a more stable cis- 
isomer. The ready availability of either (S) or {R)-66 makes this procedure of 
general value for stereo controlled synthesis of highly enantioenriched cis- and 




Enantioselective Synthesis by Lithiation Adjacent to Nitrogen and Electrophile Incorporation 



153 



fra«5-disubstituted piperidines. It should be noted there is a large number of di- 
astereoselective reactions involving a-lithioamine synthetic equivalents that 
would be of significant synthetic value if the reactions were carried out with 
enantio enriched starting materials. 
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3 

Benzyl ic Systems 
3.1 

Chiral Auxiliary Mediated Reactions 

In 1983 Meyers and coworkers reported their seminal work on the stereoselec- 
tive carbon-carbon bond forming reactions derived from dipole stabilized car- 
banions [49]. In the preliminary communication, enantioselective alkylations 
were performed using tetrahydroisoquinoline formami dines derived from (IS, 
2S)-(-i-)-2-amino-l -phenyl 1,3-propanediol [50]. The lithiation and substitution 
of the isoquinoline formamidine 69 proceeded with various electrophiles to pro- 
vide (S)-a-substituted isoquinolines in moderate yields with drs greater than 
96:4. The hydrolytic removal of the formamidine auxiliary led to the highly 
enantio enriched isoquinolines 70 (Scheme 19). Using appropriate starting ma- 
terials, several naturally occurring isoquinoline alkaloids, including reticuline 
[51],isopavine [52], aporphines [53], dextromethorphan [54],homolaudansine 
[55], and laudansosine [55], have been prepared with high enantiomeric ratios 
by this approach. 

The use of oxazo lines as chiral auxiliaries in the asymmetric syntheses of iso- 
quinoline alkaloids was investigated by Gawley and coworkers [56, 57]. Lithia- 
tion and substitution of 71 resulted in isoquinolines 72, which were obtained in 
high yields with ers of 90:10 to 97:3 (Scheme 20). The products 72 obtained by 
this route were enantiomeric with 70. The rationale is that the isopropyl group 
in the two different auxiliaries have the opposite orientation leading to different 
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enantiomers. The methodology has been utilized in the asymmetric syntheses 
of several alkaloids, including f?-laudanosine [58], 9-k-O-methylflavinatine [58], 
(-)-egenine [59,60], (-)-corytensine [60], and (-)-bicuculline [60]. 
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Meyers and coworkers have shown that the simple modification of replacing 
the f-butoxy group with the smaller methoxy group allowed deprotonation of 
the remaining benzylic proton in 1 -substituted tetrahydroisoquinolines [61]. 
Subsequent alkylation of the resulting carbanion afforded a,a-disubstituted iso- 
quinolines 74 in high yields of 85-90% with good diastereoselectivities of up to 
93:7 (Scheme 21). The stereochemical course of the reactions has been summa- 
rized [62-65]. 

Seebach and coworkers demonstrated that tetrahydroisoquinoline pivala- 
mides 75 containing a stereogenic center at the 3-position can be used in dias- 
tereoselective alkylations [66]. After dilithiation of the acid with 2 equivalents of 
f-BuLi, the resulting organolithium was quenched with alkyl halides, such as 
Mel and benzyl bromide, to afford products 76 in ca. 80% yield, Eq. (5). Oxida- 
tive decarboxylation followed by amine deprotection provided 77 with ers great- 
er than 97:3. 
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Quirion has reported the first application of chiral carboxylic acids as activat- 
ing agents and chiral inducers for a-lithiation of tetrahydroisoquinolines [67]. 
The diastereoselective lithiation and alkylation of acid-derived amides 78 pro- 
vided 79 in 41-57% yields with moderate drs of up to 92:8 (Scheme 22). The chi- 
ral auxiliary can be removed under refluxing basic conditions (KOH/MeOH) in 
60-70% yields. 
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The formamidine methodology was further extended by Meyers to asymmet- 
ric lithiation-substitution of tetrahydrobenzazepine formami dines 80 to provide 
the corresponding a-alkylated benzazepines 82 in good yields with enantiose- 
lectivities of up to 95:5 er (Scheme 23) [68]. Furthermore, a series of enantioen- 
riched 1,1-dialkyltetrahydrobenzazepines 83 were prepared via a second lithia- 
tion, in good yields and with enantioselectivities of up to 99:1 er [69] . The dias- 
tereocontrol in the alkylation of the 1 -substituted 2-benzazepines was signifi- 
cantly influenced by the nature of the E* group at C-1, although introduction of 
methyl iodide in the second step generally proceeded with high stereoselectivity. 
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Scheme 23. 



An extension of the formamidine mediated lithiation-substitution methodol- 
ogy to the (3-carboline system was reported by Meyers and coworkers [70]. The 
indole nitrogen was protected using chloromethyl methyl ether, prior to lithia- 
tion of the (3-carboline formamidine 84 with w-BuLi and alkylation with selected 
electrophiles. Removal of the chiral auxiliary and the protecting group provided 
85 in moderate yields with high enantioselectivity.Eq. (6). Subsequent synthetic 
transformations led to tetracyclic or pentacyclic ring systems and several indole 
alkaloids, including deplancheine [70], (-)-yohimbone [71], the corynantheine 
family of alkaloids [72], and yohimban derivatives have been prepared in high 
enantiomeric purity [73]. 



N 

H 



84 




t-BuO 



IKH, CICH20Me 
2. n-BuU, EX 



3. NH 2 NH 2 , 




85 

E = Me, 46%, 99:1 er 



(6) 



The recent use of iV-indole-substituted gulonic amides by Quirion and cow- 
orkers demonstrates diastereoselective lithiation and alkylation of 86 to afford a 
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variety of indole alkaloids 87 (Scheme 24) [67], Quirion established that the di- 
astereoselectivity is determined during the alkylation step. 

Recently, Clayden et al. reported a dearomatizing cyclization reaction of lithi- 
ated 1-naphthamides with a phenylglycinol-derived chiral auxiliary (Scheme 25) 
[74]. Amides 88 were dilithiated with f-BuLi which readily cyclized to afford 89 
in moderate yields with diastereoselectivities up to 10:1. 




Gawley and coworkers developed a methodology for the asymmetric synthe- 
ses of primary amines via acyclic dipole-stabilized organolithium intermediates 
[75]. In the case of the aminooxazoline 90,4:1 diastereoselectivity was observed, 
but the selectivity was improved significantly with oxazolidinone 92, as shown 
in Scheme 26. The chiral oxazolidinone was subsequently removed to provide 
the highly enantio enriched primary amines 94. 

Beak et al. reported that chiral homoenolate equivalents can be formed by di- 
lithiation of an amide and highly diastereoselective reaction with electrophiles 
to provide the benzylically substituted products [76]. Treatment of {S)-N-{1'- 
phenylethyl)-3-phenylpropionamide 95 with 2.2 equivalents of sec-BuLi and 
TMEDA followed by addition of an electrophile affords the alkylated products 96 
in 46-55% yield with 90:10-94:6 drs (Scheme 27). 
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3.2 

Chiral Ligand Mediated Reactions 

Use of a chiral proton source, a chiral base or base/chiral ligand complex circum- 
vents the problem of incorporation and removal of a chiral auxiliary. Simpkins 
and coworkers opened the possibility of enantioselective protonation as a meth- 
od for the asymmetric syntheses of 1 -substituted tetrahydroisoquinolines [77]. 
Using the chiral amine 98 as a proton source, deracemization of 97 proceeded in 
up to 93:7 er, alleviating the requirement for a chiral auxiliary (Scheme 28). 

In 1993 Beak and Du reported the direct benzylic lithiation-substitution of N- 
methyl-3-phenylpropionamide 100 (Scheme 29). In the presence of (-)- 
sparteine (5), alkylation of the lithiated intermediate with a number of elec- 
trophiles afforded the iV-methyl-3-phenyl-3-substituted-propionamides 102 in 
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yields ranging from 63-86%, with high ers ranging from 82:18 to 97:3 [78]. The 
asymmetric lithiation-substitution of the N-methylamide 100 by sec-BuLi/5 has 
been shown to proceed through a pathway of asymmetric substitution. The 
enantioselectivity of the reaction at -78°C arises primarily from a dynamic ther- 
modynamic resolution, although a contribution from a dynamic kinetic resolu- 
tion process is possible. The synthetic utility of the |3-lithiation of |3-aryl second- 
ary amides was demonstrated by syntheses of enantioenriched |3-aryl-substitut- 
ed amides, acids and lactones [79]. 




Phv 






Scheme 29. 

Beak and Basu have studied the lateral benzylic lithiation of iV-pivaloyl-o- 
ethylaniline 103 to give the (-)-sparteine/organolithium complex 104 [9, 10]. 
Subsequent electrophilic substitution afforded the products 105 in good yields 
with enantiomeric ratios ranging from 88:12 to 95:5 (Scheme 30). Higher enan- 
tioselectivities were obtained by allowing the diastereomeric complexes to 
equilibrate at -25 °C prior to cooling to -78°C. Extensive work has been conduct- 
ed on determining the reaction pathway of this reaction sequence (vide supra). 
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105 



Schlosser [80] andVoyer [81] reported that N-Boc-N-methylbenzylamine 106 
can be deprotonated with sec-BuLi in the presence of (-)-sparteine. The result- 
ing organolithium can be trapped with electrophiles to provide a-substituted 
benzylamines 107 with high enantioselectivities (Scheme 31). Schlosser and 
coworkers showed that the reaction pathway of N-methyl-N-Boc benzylamines 
107 is an asymmetric deprotonation followed by racemization and asymmetric 
substitution, and provided rationalization of solvent effects in terms of ion 
paired species [80] . The enantioselectivity of this reaction sequence is highly de- 
pendent on the solvent, electrophile, and reaction time. 
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Scheme 31. 

In 1996 Beak and coworkers reported highly enantioselective syntheses of both 
mono- and disubstituted N-Boc-N-(p-methoxyphenyl)-benzylamine via (-)- 
sparteine mediated lithiation -substitution sequences [82]. Using alkyl triflates, 
carbonyl compounds and imines as electrophiles, the lithiated intermediate 108 
afforded mono -substituted products in good yields. The subsequent oxidative 
deprotection of the p-methoxyphenyl group with ceric ammonium nitrate 
(CAN) provided N-Boc-benzylamines 109 and 110 with consistently high ers of 
97:3 (Scheme 32). The mechanism of this highly enantioselective reaction has 
been established to be an asymmetric deprotonation through tin-lithium ex- 
change and NMR investigations. The configuration of the stable benzyllithium 
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Scheme 32. 



(i?)-108 has been assigned by derivatizing with trimethyltin chloride and then 
by X-ray analysis of this derivative. 

Further lithiation of 111 followed by reaction with allyl triflate as the elec- 
trophile provided highly enantioenriched benzylamines 112 with quaternary 
centers [82]. The enantiomer of 112 can be prepared from 113 by a similar reac- 
tion sequence (Scheme 33). 
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The synthetic utility was demonstrated by access to either enantiomer of 
highly enantioenriched natural and unnatural a-, |3-, y-arylamino acids and es- 
ters from 4 by convenient lithiation substitution sequences (Scheme 34) [83]. 
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Electrophilic substitution of 108 with CO 2 afforded the phenylglycine derivative 
in 95% yield with an er of 96:4. Interestingly, the opposite enantiomer of the 
phenylglycine derivative was accessed using methyl chloroformate as the elec- 
trophile, which provided the corresponding product with an er of 93:7. 

Additional synthetic applications of this methodology are illustrated by 
enantioselective syntheses of 4-phenyl-p-lactams [84]. Highly enantio enriched 
P-phenylamino acid derivative 114 can be transformed into p-lactam 115 in 
good yields with 94:6 er, Eq. (7). 

1 . SOCb.MeOH 

2. t-BuMgCI 



114 115 

86%. 94:6 er 

Conjugate additions of the configurationally stable organolithium species 108 
to Michael acceptors provide highly diastereo- and enantio enriched 1,4-addi- 
tion products 116 in good yields (Scheme 35) [85, 86]. When cyclic enones such 
as 2-cyclohexen-l-one were used as Michael acceptors in conjugate additions of 
the benzylic organolithum species, TMSCl was required to improve reaction 
yields. Reaction of 2-cyclohexen-l-one gave conjugate addition product 116 in 
82 % yield with an er of 96:4. When more activated olefins were used as elec- 
trophiles, generally TMSCl was not necessary, and the products were obtained 
in good yields. 

The synthetic utility of this methodology is further demonstrated by hydrol- 
ysis and cyclization of Michael adduct 117 to the stereo chemically pure butyro- 
lactam 118 in 79% yield (Scheme 36). The absolute configuration of 118 was as- 
signed by X-ray crystallography of the alkylated derivative 1 19. 

Beak and coworkers also presented a convenient methodology for enantiose- 
lective syntheses of (S)-2-aryl-Boc-pyrrolidines 121 by intramolecular lithia- 
tion-substitution of arylmethyl-3-chloropropyl-Boc-amines [87]. Treatment of 
120 with sec-BuLi/5 at -78°C led to the corresponding cyclized products 121 in 
moderate to good yields with high enantio selectivities of 96:4-98:2 (Scheme 37). 
The mechanism of the stereoinduction was established to be an enantioselective 
deprotonation by the sec-BuLi/5 complex to yield an enantioenriched lithiated 
species which undergoes rapid cyclization. 

In 1998 Simpkins et al. reported that the metallation and alkylation of N- 
methylisoindoline-borane complex 122 with n-BuLi/5 provided products 123 in 
up to 94:6 er (Scheme 38) [88,89]. The mechanism of the reaction was estab- 
lished to involve an asymmetric deprotonation to give an organolithium which 
is configurationally stable at nitrogen but stereo chemically labile with respect to 
the C-Li bond. 

Very recently, Clayden has used the chiral base (N)-lithio-(R,R)-bis-(l-phe- 
nyl ethyl) -amine for an enantioselective deprotonation cyclization of a benzyl 
benzamide similar to the conversion in Scheme 25 [90]. 
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4 

Allylic Systems 

A valuable feature of reactions of allylic amino organolithiums relative to their 
alkyl analogues is that the delocalized anion can lead to substitution at either the 
a- or y-position to nitrogen. Consequently, these compounds can serve as both 
chiral a- and y-lithio amine synthetic equivalents, as well as chiral P-homoeno- 
late synthetic equivalents [91], in substitution reactions. 

4.1 

Chiral Auxiliary Mediated Reactions 

The first lithiation and substitution of an allylic amine to provide enantioen- 
riched products was reported in 1980 by Ahlbrect and coworkers [92, 93]. De- 
protonation of cinnamylamine 125 and substitution with electrophiles provided 
y-substituted enamines 126, which were hydrolyzed to the corresponding alde- 
hydes. The aldehydes were isolated in good yield with high enantiomeric ratios 
when methyl f-butyl ether (MTBE) was used as the solvent (Scheme 39). 
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Scheme 39. 



The authors extended the scope of this methodology by utilizing 1 -substitut- 
ed cinnamylamines 128 [94]. Hydrolysis of the resulting enamines 129 provided 
direct access to (3-substituted ketones 130 (Scheme 40). The absolute configura- 
tions of the products could be controlled by modification of solvent and temper- 
ature with the R products obtained in MTBE at 0°C, and S configured products 
obtained in THF/HMPA at -78°C. 
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Scheme 40. 

In addition to investigating substitutions of allylic organolithiums with alkyl 
halides as electrophiles, aldehyde electrophiles provided access to homoaldol 
products resulting from hydrolysis of the enamine (Scheme 41) [95]. While 
syn/anti selectivity was generally low, each diastereomer was highly enantioen- 
riched. The stereochemical path of aldehyde substitution was assigned to occur 
with retention of configuration. 

In addition to the auxiliary mediated additions of allylamino organolithiums 
to aldehydes described above, the chiral W-allylurea 132 has also been shown to 
add to aldehydes and ketones to provide highly diastereo enriched homoaldol 
products (Scheme 42) [96]. The reaction involves deprotonation with «-BuLi, 
followed by transmetallation with bis(diethylamino)titanium chloride and sub- 
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stitution with the carbonyl compounds. The high diastereoselectivity was ra- 
tionalized by a chair-like transition state and the diastereoenriched products 
were easily converted to enantioenriched substituted lactones by methanolysis 
and oxidation. 
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Chiral cyclic allylic amines have also been utilized in lithiation-substitution 
reactions to access substitution a to nitrogen. Meyers and coworkers have dem- 
onstrated that lithiation of chiral formamidine-protected pyrroline 135 and tet- 
rahydropyridine 136 followed by substitution with electrophiles provides both 
the a and y-substituted hetero cycles (Scheme 43) [97]. 

Removal of the formamidine auxiliary provided the a-substituted heterocy- 
cle 139, while the y-substituted product is destroyed. Subsequent hydrogenation 
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Scheme 43. 

provided access to 2-substituted pyrrolidines and piperidines. The authors have 
utilized this approach in the synthesis of the antibiotic (+)-anisomycin [98], the 
benzomorphan (+)-metacozine [97], as well as other morphinans [54]. While 
the ratios of 137/138 were not as high for the tetrahydropyridine as the pyrro- 
line, the removal of the minor y-substituted product during the auxiliary cleav- 
age makes this a synthetically useful approach. 

Rein and coworkers have utilized a chiral oxazoline auxiliary in a similar lithi- 
ation-substitution of the tetrahydropyridine system [99]. The authors, however, 
report poor a/y ratios on this substrate, with the y-substituted product being the 
major product. 

4.2 

Chiral Ligand Mediated Reactions 

A chiral ligand mediated approach to Uthiation-substitutions of allylic amines has 
also been well developed. Weisenburger and Beak demonstrated that lithiation of 
doubly protected allylic amines 141 in the presence of the chiral ligand (-)- 
sparteine (5), and substitution with a variety of electrophiles provided highly 
enantio enriched enecarbamate products 142 (Scheme 44) [100]. The authors 
demonstrated that the intermediate organolithium could be viewed as either an 
aldehyde (3-homoenolate or y-lithioamine synthetic equivalent by hydrolysis or 
reduction and deprotection of the enecarbamates, respectively. 

Subsequently, the utility of the enecarbamate products was further developed 
in their roles as ketone, ester, and acid |3-homoenolate synthetic equivalents 
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(Scheme 45) [101]. An additional a-lithiation/alkylation of the enecarbamate 
double bond allows access to ketone products 148 upon hydrolysis. Hydrolysis 
of the unsubstituted enecarbamate to the aldehyde 143, followed by oxidation 
and esterification provided the carboxylic acids and esters 146. 

The enantiodetermining step in the reactions at -78°C has been determined 
to be an asymmetric deprotonation of the allylic amine to provide a configura- 
tionally stable organolithium intermediate, which reacts with either retention or 
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inversion in the substitution [4]. The stereochemistry of the reaction has been 
rationalized using the solid-state structure of the lithiated cinnamylamine, de- 
termined by X-ray crystallographic analysis [102, 103]. Both dynamic kinetic 
and dynamic thermodynamic resolutions have been observed in asymmetric 
substitution mechanisms when the lithiated intermediate was warmed. 

Because of the difficulty of accessing (-i-)-sparteine, an alternative route to the 
enantiomeric enecarbamate products has been developed [100]. Synthesis of 
stannanes 149 and 150 by traditional deprotonation-substitution, followed by 
transmetallation and substitution with electrophiles provided products of the 
opposite configuration ent-\5\ (Scheme 46). Accessing this stereoisomer is pos- 
sible because of the substitution of lithiated 141 with MejSnCl occurs with inver- 
sion and the subsequent transmetallation with retention generates the epimer of 
lithiated 141. 




1.n-BuLi/5, -78 "C 



2. MesSnCI 



(Ar = p-methoxyphenyl) 



1. n-BuLi/5.-78 X 

2. CH2=CHCH2Br 




Ph 



.sSnMea 



Boc 



At' Boc 
150 

24%. 95:5 er 



1. o-BuLi/5, -78 “C 

2. CH2=CHCH2Br 



Ph 



Ar' 



(S)-1S1 
72%, 97:3 er 



Scheme 46. 




(R)-151 

60%, 87:13 er from 149 
77%, 90:10 er from 150 



In addition to accessing enantiomers by tin/lithium exchange, stereochemi- 
cally different substitution pathways have been observed with different elec- 
trophiles. Kim and coworkers demonstrated that substitution of lithiated 141 
with carbon dioxide occurs with inversion of configuration, while substitution 
with methyl chloroformate proceeds with retention [85]. Subsequent transfor- 
mations of the enantio enriched products provides either enantiomer of 3-phe- 
nyl pyrrolidinone (Scheme 47). 

To expand of the scope of electrophiles in the lithiation-substitution reaction, 
aldehydes were employed and a highly diastereoselective homoaldol methodol- 
ogy was developed [104]. After generation of lithiated 141 under the standard 
conditions, transmetallation with Et 2 AlCl or TiCl(Oi-Pr) 3 , and substitution with 
various aldehydes provided the homoaldol products with both high diastereo- 
and enantioselectivities (Scheme 48). 

The anfi-addition products were observed, with the absolute and double 
bond configuration dependent on the transmetallating reagent. The stereo- 
chemical course was rationalized by transmetallation to the titanium or alumi- 
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Scheme 48. 



num species with inversion of configuration, followed by substitution with re- 
tention through a six-membered transition state. 

In addition to allylic organolithiums reacting with conventional electrophiles 
such as akyl halides and carbonyl compounds, activated olefins have also been 
employed to provide Michael addition products [86, 87, 105]. Both mono- and 
diactivated olefins including a,(3-unsaturated ketones, esters, malonates, malo- 
nitriles and nitro compounds are compatible (Scheme 49). Addition of the orga- 
nolithium to cyclic a,p -unsaturated carbonyl compounds occurred with reten- 
tion of configuration, whereas addition to other activated olefins proceeds with 
inversion. 

The construction of two contiguous stereogenic centers, as well as a unique 
1,5 -relationship between the two functional groups, renders the addition prod- 
ucts synthetically useful chiral building blocks. Fused bicyclic compounds [106] 
can be accessed after further functionalization of the Michael adducts 
(Scheme 50). 

In addition, a general route to substituted piperidines, including the antide- 
pressant (-)-paroxetine, has been developed utilizing the additions to ni- 
troalkenes (Scheme 51) [105]. 
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While intermolecular lithiation-substitutions of allylic amines are most com- 
monly studied, (-)-sparteine mediated intramolecular substitution reactions of 
lithiated W-Boc-allylamines have also been developed. Treatment of allylic 
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amines 166 with n-BuLi/(-)-sparteine at -78°C provided 2-substituted pyrroli- 
dines and piperidines 167 (Scheme 52) [107]. 
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The enantiodetermining step in the reaction was found to be an asymmetric 
substitution by transmetallation-substitution of the 2-trimethylstannyl deriva- 
tive. The vinyl heterocycles serve as useful precursors to fused bicyclic lactams 
through Boc deprotection, subsequent acylation and ring closing metathesis 
(Scheme 53) [108]. 
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Scheme 53. 



5 

Conclusions 

Methodology for asymmetric synthesis of amine and amine derivatives by lithi- 
ation-substitution sequences adjacent to nitrogen is at an emerging state of de- 
velopment. Applications of amine elaboration include alkaloid and enamide 
synthesis, as well as extensions to functional derivatives of these compounds. 
Novel conjugate addition of benzylic and allylic organolithium intermediates, 
which provide products with high diastereoselectives and enantioselectivities, 
are noteworthy. The pathways of asymmetric deprotonation, which require a di- 
astereoselective deprotonation, a configurationally stable organolithium inter- 
mediate and a highly stereoselective reaction with an electrophile have received 
the most attention to date. The pathways of asymmetric substitution, whether 
under control by dynamic kinetic resolution or dynamic thermodynamic reso- 
lution require stereocontrol only in the reaction with the electrophile, and can 
be anticipated to be of future interest. A notable feature of the latter is the oppor- 
tunities offered for rational stereocontrol, by control of the reaction conditions. 

Note added in proof. Enecarbamates (e.g., 163, Scheme 51), arising from (-[-sparteine-medi- 
ated lithiations of JV-Boc allylic and benzylic amines and subsequent conjugate additions to 
nitroalkenes, have been elaborated to enantioenriched substituted cyclopentanones and ami- 
nocyclopentanes [109], as well as piperidines, pyrrolidines, and pyrimidinones [110], Kinetic 
resolution of racemic a,(3-unsaturated lactones by the organolithium species produced from 
asymmetric lithiation on N-Boc-N-(p-methoxyphenil)cinnamylamine provides conjugate ad- 
dition products with three contiguous stereogenic centers in yields of 62-77%with diastereo- 
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meric ratios from 75:25 to >99:1 and enantiometric ratios for the major diastereomers from 
94:6 to 98:2 [ 1 1 1 ] . Coldham and coworkers have reported the first highly enantioselective sub- 
stitution of nonactivated organolithium species at ambient temperaure, via dynamic thermo- 
dynamic resolution: chiral ligands, such as (-)-sparteine or, preferably, litiated [S-(ii*,ii*)]-l- 
[(l-methyl-2-pyrrolidinyl)methyl]-2-pyrrolidinemethanol, were addded to initially racemic 
a-amino organolithium species [prepared by transmetallation of racemic J\T-alkyl (2-tributyl- 
stannyljpyrrolidines] forming diastereomeric complexes which were then allowed to reach 
thermodynamic quUibrium, prior to reaction with a range of electrophiles to give products 
with greater than 90% ee [112], Beak and Whisler have reported further synthetic applications 
of asymmetric homoenolate equivalents which arise from lithiation of doubly protected allylic 
amines 141 (Scheme 44) in the presence of (-)- sparteine [113], 
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The enantioselective reactions of carbanions a to S, Se, P or halogens and those of benzyUith- 
ium compounds are reviewed, focusing on the enantiodetermining pathways in relation to the 
configurational stability of the lithium carbanions and the lithium carbanion-chiral ligand 
complexes. 

Keywords. Configurational stability, a-Hetero carbanion, Enantioselective reaction. Asym- 
metric deprotonation. Asymmetric substitution 
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1 

Introduction 



Asymmetric reactions of prochiral compounds having a sufficiently acidic C-H 
bond are of great importance to access enantiomerically pure compounds. In 
this chapter, the enantioselective reaction of carbanions a to sulfur, selenium, 
phosphorus, and halogen as well as those of benzyllithium compounds are re- 
viewed. These compounds serve as substrates for enantioselective reactions or 
as agents for the enantioselective introduction of functional groups. They are 
deprotonated by organolithium reagents in the presence of chiral tertiary 
amines or by enantiopure lithium amides, and the resulting complexes react 
with electrophiles to give enantioenriched products. Asymmetric induction oc- 
curs (Fig. 1) 

a) on the prochiral methylene carbon, 

b) on the methine carbon, 

c) on the symmetrical carbon adjacent to a heteroatom (X-Y), or 

d) on the electron-deficient carbon by facial selection with a carbanionic spe- 
cies. 



asymmetric induction on... 
a) 

H H 



b) 



H R" 
RX-^R. 



the methylene carbon 



the methine carbon 



X: S, P 

c) Y: O, S, BH3 

R^ ..X' ^R 



d) 






Z: O, CH-EWG 
XR 



( ) 

the symmetrical carbon the electron-deficient carbon 

Fig. 1 a-d. Types of enantioselective reactions of a-hetero carbanions 



1.1 

Enantiodetermining Pathways 

Asymmetric induction on prochiral methylene carbons has been extensively 
studied in the reactions of carbanions a to sulfur, selenium, and phosphorus as 
well as a-oxy and a-amino carbanions. These reactions consist of two consecu- 
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tive reactions: a pro chiral proton is replaced by lithium to give the organolithi- 
um species (a), which subsequently reacts with an electrophile to give the prod- 
uct (b) [Eq. (1)]. 

_!!!__ H Li h e 

RX^R' RX^R' RX^R' 

Asymmetric induction in these reactions occurs either in the first deprotona- 
tion step [Eq. (la)] or in a postdeprotonation step [1] [(Eq. (lb)]. When the 
enantioselection occurs in the deprotonation step, a proton is stereoselectively 
removed by a chiral base from a prochiral substrate to provide a configuration- 
ally stable enantioenriched carbanion, which reacts with an electrophile giving 
an enantioenriched product. This enantiodetermining pathway is termed 
“asymmetric deprotonation”. In fact, reactions of a-oxy and a-amino carban- 
ions are often controlled through an asymmetric deprotonation pathway (Eig. 2) 
[ 1 , 2 ]. 

Enantioselectivity through an asymmetric deprotonation pathway is largely 
dependent on the configurational stability of the carbanion and the interaction 
between a substrate and a chiral base. On the other hand, when the enantioen- 
riched product is formed in the reaction with an electrophile, even though the 
deprotonation gives the racemic carbanion, this pathway is termed “asymmetric 
substitution” [1]. Enantioselection through an asymmetric substitution path- 
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Fig. 2. Reaction pathways in enantioselective reactions of a-hetero carbanions 
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way is strongly related to the stability of the carbanion-chiral ligand complexes 
and the activation energy in the transition state of the reaction with an elec- 
trophile. The asymmetric substitution pathway is divided into two limiting 
pathways, dynamic thermodynamic resolution [3] and dynamic kinetic resolu- 
tion pathways [4]. The reaction proceeds through a dynamic thermodynamic 
resolution pathway, when the complexes are configurationally stable enough to 
react with an electrophile, and the enantioselectivity is determined by the dias- 
tereomeric ratio of the lithium carbanion-chiral ligand complexes. Thus, the 
enantioselectivity is established before the reaction with an electrophile takes 
place. On the other hand, in dynamic kinetic resolution, following the Curtin- 
Hammett principle, the enantioselectivity is determined by the difference in the 
activation energy between the diastereomeric transition states in the reaction 
with an electrophile. In this case, the diastereomeric complexes are configura- 
tionally labile so as to allow the carbanionic center to undergo epimerization 
much faster than its reaction with an electrophile, and one of the complexes 
preferentially reacts with an electrophile to give the enantioenriched product. 

The enantioselective reaction on a methine carbon is apparently different 
from that on a methylene carbon (Fig. lb). Deprotonation of a racemic methine 
proton always affords the racemic carbanion which gives the racemic product 
when the carbanion is configurationally stable. The enantioenriched product 
would be formed only when the reaction proceeds either through an asymmet- 
ric substitution pathway, or through kinetic resolution in deprotonation. 

1.2 

Diagnostic Tests for Configurationai Stability of Lithium Carbanions 

High configurational stability of the carbanions is essential for high enantiose- 
lectivity through an asymmetric deprotonation pathway. In an asymmetric sub- 
stitution pathway, the reaction proceeds through either pathway of dynamic 
thermodynamic resolution or dynamic kinetic resolution depending on the 
configurational stability of the lithium carbanion-chiral ligand complexes. Con- 
figurational stability of the a-hetero carbanion varies with the nature of the het- 
eroatom X, solvent, and temperature. Several diagnostic reactions of the config- 
urational stability of a-hetero carbanions have been developed [5]: Still and 
coworker estimated the configurational stability of lithium carbanions by com- 
parison of the enantiomeric excesses of the products with those of the starting 
chiral stannyl or seleno compounds (Fig. 3). The close value of the enantiomeric 
excesses of these compounds corresponds to the configurationally stable lithium 
carbanion, and the different or often lower enantiomeric excesses to the labile 
carbanion. They first demonstrated that a-alkoxyalkyllithium compounds are 
configurationally stable for 15 min at -30°C in THF [6]. 

This test showed that a-amino- [7] and a-oxy- [8] alkyllithium compounds 
except for their benzyl- or allyllithium compounds are configurationally highly 
stable, and a-thio-[9], a-selenoalkyllithium compounds [10], and lithiated 
phosphine oxides [11] are labile. Thus, this test proves that lithium carbanions 
are either configurationally stable or labile and affords reliable evidence to de- 




Enantioselective Synthesis by Lithiation Adjacent to Sulfur, Selenium or Phosphorus, . . . 



181 




RLi 



Li 



RX 




enantioenriched compounds 
Y = SnR "3 or SeR" 



electrophile 




E 

or RX^R' 



the same ee; stable carbanlons 

the different or lower ee: labile carbanlons 
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termine the enantio determining pathway, especially to confirm asymmetric de- 
protonation via configurationally stable carbanlons. However, it is necessary to 
prepare optically pure organotin or organoselenium compounds in order to per- 
form this test. Instead, Hoffmann and coworker have developed a test using ra- 
cemic organolithium compounds together with racemic and chiral aldehydes 
[12]. This test will be discussed in detail later in this section. On the other hand. 
Beak and coworkers have reported tests for the determination of configurational 
stability of lithiated intermediates in the enantioselective reaction: one is the re- 
action of organolithium compounds with a substoichiometric amount of an 
electrophile in the presence of a chiral ligand [13, 14], and the other is a warm- 
cool procedure (Fig. 4) [14]. When the enantioselectivity of the product ob- 
tained in the reaction with a substoichiometric amount of an electrophile shows 
a different value from that obtained in the reaction with more than 1 equivalent 
of an electrophile, the lithium carbanion-chiral ligand complexes are configura- 
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tionally stable and they do not undergo interconversion within the reaction time 
scale. The difference in enantiomeric excess obtained in the above reactions can 
be ascribed to the reactivity of the diastereomeric complexes with the elec- 
trophile and the thermodynamic stability of the complexes. 

In the warm-cool procedure, the lithium carbanion-chiral ligand complexes, 
often prepared at low temperature, are warmed so as to be in equilibrium and 
then cooled to be reacted with an electrophile. When the product has a certain 
value of enantiomeric excess different from that obtained in the reaction at low 
temperature, the lithium carbanion-chiral ligand complexes are configuration- 
ally stable. 

Another test for the configurational stability involves the enantioselective re- 
action of deuterated substrates [13, 15, 16] [Eq. (2)]. It can be predicted whether 
the asymmetric reaction proceeds through asymmetric deprotonation or not by 
the following results: the reaction pathway would be asymmetric deprotonation 
when the reaction of the enantio enriched deuterated substrate without a chiral 
ligand gives the product with the same enantiomeric ratio as that of the deuter- 
ated substrate, or the reaction of the racemic deuterated substrate in the pres- 
ence of a chiral ligand gives the racemic, 100% deuterated product. If the latter 
reaction gives the enantio enriched product, the reaction pathway would be de- 
termined to be either asymmetric deprotonation or asymmetric substitution by 
the estimation based on the yield as well as on the enantiomeric excesses and the 
deuterium contents of the substrate and the product. 

1) base / (chiral ligand) 

D 2) electrophile E D 

RX » R' "rX-^R (2) 

enantioenriched or 

racemic compounds 

Hoffmann and coworkers proposed an excellent method for evaluating the 
configurational stability of the lithium carbanion within the time scale of the 
rate of the reaction with an electrophile (Hoffmann test) [12]. The Hoffmann 
test is composed of two experiments. In the first experiment, a racemic organo- 
lithium compound is reacted with a racemic aldehyde such as 2-(W,W-diben- 
zylamino)-3-phenylpropanal,the relative rate of formation of the diastereomer- 
ic products (kss:kj^j) being estimated by an anti/syn ratio of the products 
(Fig. 5). 

The racemic aldehyde for the first experiment should be chosen so that the 
or kj^s:kss ratio is in the range of 1.5-3. In the second experiment, a ra- 
cemic organolithium compound is reacted with the chiral aminophenylpro- 
panal corresponding to the aldehyde used in the first experiment (Fig. 6). When 
the diastereomeric ratios of the products obtained in both experiments are not 
the same and, in addition, the diastereomeric ratio in the second experiment is 
around 50:50 (each enantiomeric organolithium compound should be trans- 
formed to the corresponding diastereomeric product in an equal ratio), the or- 
ganolithium compound should be configurationally stable under the reaction 
conditions employed. Hence, the enantioselective reaction of the organolithium 
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compound used for the test in the presence of a chiral ligand is supposed to pro- 
ceed through either pathway of dynamic thermodynamic resolution or asym- 
metric deprotonation; in order to obtain more information, a further Hoffmann 
test should be performed in the presence of a chiral ligand. When the antUsyn 
ratio of the product in the second experiment is in accord with the kinetic ratio 
(k 55 :kjjj) obtained in the first experiment, the organolithium compound is con- 
figurationally labile (Fig. 6b). The enantioselective reaction of such an organo- 
lithium compound would proceed through a dynamic kinetic resolution path- 
way. 

Taking an example of a sulfur-stabilized benzyllithium compound, Hoffmann 
and coworkers performed two reactions of the racemic a-thio carbanion with a 
racemic or a chiral aldehyde [Eq. (3)] [17-19], and found that both reactions af- 
ford an identical diastereomeric ratio of the product. From these results, they 
have concluded that the sulfur-stabilized benzyllithium compound epimerizes 
faster than it reacts with the aldehyde, i.e., it is configurationally labile in THF at 
-78°C. 
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On the other hand, the a-thio carbanion of butyl phenyl sulfide was estimated 
to be stable in 2-methyl-THF at -120°C [17, 18]. The a-selenobenzyllithium [19] 
and the lithiated phosphine oxide [20, 21] are labile in THF at -78°C (Fig. 7), 
whereas the a-selenobutyllithium and the a-sulfonylbenzyllithium are stable in 
EtjO/THF at -105 °C [22] and in THF at -78°C, respectively [19]. The a-silylben- 
zyllithium is configurationally labile at 0°C in THF [19], the a-bromopentyllith- 
ium being stable in Trapp-solvent at -110°C [17]. 
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Fig. 7. Configurational stability of a-thio-, a-seleno-, a-phosphono-, a-sulfonyl, a-sUyl and 
a-bromo carbanions estimated by the Hoffmann test 
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1.3 

Racemization Mechanism of a-Hetero Carbanions 



Carbanions a to the heteroatoms such as sulfur and selenium are configuration- 
ally rather labile in comparison with a-oxy carbanions. The racemization mech- 
anism of a-thio- and a-seleno carbanions is essentially different from that of a- 
oxy carbanions. Sulfur and selenium being less electronegative than oxygen, 
make a-thio- and a-seleno carbanions have higher s character than a-oxy car- 
banions [23, 24] and the negative charge of a-thio- and a-seleno carbanions is 
partially stabilized by n-Ox_c* negative hyperconjugation [25, 26] . Therefore, a- 
thio and a-seleno carbanions may have more sp^-like orbitals, being closer to the 
transition states of inversion of the carbanionic centers in comparison with a- 
oxy carbanions. Thus, inversion of a-thio and a-seleno carbanions occurs more 
easily than that of a-oxy carbanions. However, the activation energy of racemi- 
zation of a-thio and a-seleno carbanions does not correspond to that of the 
transition state of the inversion process. Hoffmann and coworkers studied in de- 
tail the mechanism of racemization of a-lithiated sulfides, a-lithiated selenides, 
and a-lithiated tellurides [27,28]. These carbanions adopt an antiperiplanar ar- 
rangement of the C-Li and the X-R bonds in order to maximize delocalization by 
the n-Ox_c“’’ negative hyperconjugation. Their racemization process is composed 
of several distinct steps: 1) dissociation of a lithium cation from the carbanionic 
center to form a separated or a contact ion pair, 2) inversion of configuration of 
the carbanion, 3) subsequent rotation about the C-X bond, or vice versa, 2) first, 
rotation and 3) secondly, inversion, and 4) recombination of the carbanion with 
the Li cation (Fig. 8). 



R 

X 



2) 0X.R^ 3) 




Fig. 8. Racemization mechanism of a-hetero carbanions 



Hoffmann and coworkers have observed a marked steric effect on the racemi- 
zation rate of a-lithiated sulfides, selenides and tellurides; branched, bulky sub- 
stituents on the heteroatom increase the configurational stability (Fig. 9) [27, 
29]. These results imply that the rotation about the C-X bond (Fig. 8) should be 
the rate -determining step of racemization [27]. Reich and coworker have also 
demonstrated a similar conclusion by *H-NMR analyses and kinetic studies 
[30]. Furthermore, they confirmed that the racemization rate of a-thio carban- 




186 



Takeshi Toru, Shuichi Nakamura 




Li R 








X = S, R = H, 


AG* =11.3 kcal/mol 


X = Se,R = H, 


AG*= 12.4 kcal/mol 


X = Te, R = H, 


AG* =11.6 kcal/mol 


X = Se,R = Me, 


AG* = >12.9 kcal/mol 




X = Se: AG^ = >14.5 kcal/mol 
X = Te AG^ = 14.1 kcal/mol 



Li 

X^Ph 



Fig. 9. Configurational stability of a-hetero carbanions 



ions decreases as the ion pair is more separated. This is due apparently to en- 
hanced negative hyperconjugation and hence increased barrier to rotation 
about the C-S bond [30,31]. 

Hoppe and coworkers showed that the lithiated (S)-l-phenylethyl thiocar- 
bamate (Fig. 10a) and the lithiated (S)-cyclohex-2-enyl thiocarbamate (Fig. 10b) 
are configurationally stable in THF at 0°C and at -70°C, respectively [32, 33]. 
They assumed that this is so because these resonance-stabilized tertiary carban- 
ions have pronounced tendency to form solvent-separated ion pairs in THF. A 
silyl substituent makes the a-thio carbanion configurationally more stable than 
the parent thiocarbamate without the trimethylsilyl group (Fig. 10c) [34]. 
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Fig. 10 a-c. Configurationally stable a-thio carbanions 



Racemization of a-sulfonyl carbanions is also related to the n-Os,^*^ negative 
hyperconjugation [35, 36] . As the substituent (R) attached to the sulfonyl group 
is more electron-withdrawing, negative hyperconjugation becomes more effec- 
tive and, therefore, the rate of racemization decreases (Fig. 11). For example, the 
lithiated trifluoromethyl sulfones are configurationally more stable than the 
lithiated f-butyl and the phenyl sulfones [35]. 
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Fig. 11. Configurational stability of a-sulfonyl carbanions 



In phosphorus-stabilized carbanions, interaction of the n orbital on the car- 
banionic center with the a* orbital may increase the barrier to rotation about the 
C„-P bond [37] , but this interaction has been demonstrated to block rotation in- 
sufficiently in lithiated thiophosphonamides, even at low temperature (Fig. 12). 
It was also observed that HMPA stabilizes the carbanion in lithiated thiophos- 
phonamides by dissociation of the lithium ion, decreasing the rate of rotation 
about the C-P bond [38]. 
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Fig. 12. Configurational stability of a-lithiated thiophosphonamides 



2 

Enantioselective Reactions of Sulfur Compounds 
2.1 

Enantioselective Reactions of a-Thio Carbanions 

Most a-thio carbanions are configurationally labile and racemize rapidly even at 
low temperature as shown in the preceding section. This may be the reason why 
the asymmetric reaction of a-lithiated thiocarbamates reported by Hoppe and 
coworkers does not show such high enantioselectivity [34] as attained in the re- 
action of similar dipole-stabilized a-oxy organolithium compounds [Eq. (4)] [2, 
39] . Note that the stereochemistry of the products obtained from a-lithiated thi- 
ocarbamates is different from that obtained in the a-lithiated carbamate 
[Eq.(5)]. 
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Takei and coworkers have reported the enantioselective reaction of arylthio- 
stabilized amide-homoenolates with aldehydes in the presence of (-)-sparteine, 
through a dianionic cyclic intermediate which give products with good diaster- 
eoselectivity but with low enantio selectivity [36% ee, Eq. (6)] [40]. Since the re- 
action at -100°C showed even lower enantioselectivity (30% ee),they concluded 
that the dianionic intermediate kinetically formed racemizes at -78°C. 
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Toru and coworkers have reported a highly enantioselective reaction of a- 
lithiated benzyl phenyl sulfide with various electrophiles [41, 42], in which the 
most efficient chiral ligand was a bis(oxazoline). High enantioselectivities were 
obtained in the reaction with various carbonyl compounds, although the reac- 
tion with alkyl halides and carbon dioxide showed somewhat lower enantiose- 
lectivity (Table 1). Cumene was the best solvent giving the highest ee, whereas 
toluene slightly lowered the enantioselectivity. 

Higher enantioselectivity was obtained when the reactions with ketones were 
performed at lower temperature (>99% ee). In addition, the Hoffman test using 
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Table 1. Enantioselective reaction of a-lithiated benzyl phenyl sulfide 
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2-(N,N-dibenzylamino)-3-phenylpropanal,TMEDA or the enantiopure bis(oxa- 
zoline), confirmed a dynamic kinetic resolution pathway for this reaction. Ab 
initio calculations showed that the C-Li bond prefers the conformation antiperi- 
planar to the S-Cjpj bond [42] due to the n-o* negative hyperconjugation of a- 
lithiated benzyl phenyl sulfide, as described in Sect. 1.3 (Fig. 13). Thus, this 
enantioselective reaction was assumed to proceed through a four-membered cy- 
clic transition state stabilized by the negative hyperconjugation. 

Interestingly, the stereochemical outcome in the reaction of a-lithiated ben- 
zyl phenyl sulfide is different from that in the reaction of a-lithiated benzyl me- 
thyl ether which proceeds through a dynamic thermodynamic resolution path- 
way [Eq. (7)] [15,43]. Taking account of Wiberg’s results, namely, that the a-oxy 
carbanion of dimethyl ether places the lone pair of carbanion syn to the methyl 
group by the electron repulsive effect [25], the difference in the stereochemical 
outcome between a-thio and a-oxy carbanions would be ascribed to their dif- 
ferent preferred conformations. A similar change in the stereochemical outcome 
has been observed in reactions of dipole-stabilized a-thio and a-oxy organolith- 
ium compound, as shown in Eqs. (4) and (5). 
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Fig. 13. Calculation of relative stability of conformers of a-lithiated benzyl phenyl sulfide- 
TMEDA complexes 



When the substituent of the benzyl sulfide was changed from the phenyl to a 
pyridyl group, a drastic change in reaction features was observed. n-BuLi ab- 
stracts the proton without a ligand. Furthermore, the enantioselective reaction 
of a-lithiated benzyl 2-pyridyl sulfide with electrophiles gives the products with 
reversed stereochemistry to that obtained in the reaction of the a-lithiated ben- 
zyl phenyl sulfide (Table 2). 

The reaction of a-lithiated benzyl 2-pyridyl sulfide was proved to proceed 
through a dynamic thermodynamic resolution pathway by the experiments us- 



Table 2. Enantioselective reaction of a-lithiated benzyl 2-pyridyl sulfide 
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ing a substoichiometric amount of an electrophile (0.2 equiv. of benzophenone 
at -78°C, 50% ee) as well as by the warm-cool experiments as shown in Table 2 
[13, 14] . Thus, a-lithiated benzyl 2-pyridyl sulfide reacts with an electrophile be- 
fore interconversion between the diastereomeric lithium carbanion-chiral lig- 
and complexes. The (i?)-diastereomeric complex was shown to be more stable 
than the (S)-complex by ab initio and semiempirical calculations (Fig. 14). In 
this intermediate, the pyridyl nitrogen plays an important role in determining 
the direction of approach of an electrophile. An electrophile attacks the carban- 
ion without coordination to the cationic lithium, which is fully coordinated with 
three nitrogens, two of the bis(oxazoline) and one of the pyridine. Thus, the re- 
action proceeds with inversion of the carbanionic center. 




|Fn iBonur 







Fig. 14. Stability of a-lithiated benzyl 2-pyridyl sulfide-bis(oxazoline) complexes 



Inversion of configuration in the above reaction is in contrast to retention of 
stereochemistry generally observed in the enantioselective reaction with carbo- 
nyl compounds. There are a few reports on the Sg2 reaction with a carbonyl com- 
pound proceeding with inversion [32, 44]. Recently, Hoppe and coworkers have 
observed that the configurationally stable chiral a-thio carbanion derived from 
chiral thiocarbamates reacted with carbonyl compounds to create the quater- 
nary center with complete inversion of the carbanionic center [Eq. (8)] [32], 
whereas the reaction of the corresponding a-oxy carbanion with electrophiles 
(including carbonyl compounds) proceeds with retention of configuration [45]. 
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The 5^2 reaction on the 5p^-like hybridized carbanion tends to proceed with 
inversion of the stereochemistry [45], It is reasonable that a-thio carbanions, 
having higher s character than a-oxy carbanions, more frequently invert the 
stereochemistry on the anionic carbon in the reaction with electrophiles. As in 
the case of a-lithiated benzyl 2-pyridyl sulfide, the reaction of a-lithiated benzyl 
2-quinolyl sulfide also proceeds through a dynamic thermodynamic resolution 
pathway. The quinolyl group is an excellent protecting group of thiols [46] and 
can be removed to yield the corresponding chiral thiols without racemization 
(Tables) [47]. 



Tables. Enantioselective reaction of a-lithiated benzyl 2-quinolyl sulfide and subsequent 
conversion into chiral thiols 




1) n-BuLi 

2) bis(oxazoline) -'Pr 
cumene, -50 °C 




electrophile NaBHaCN 

^ Ph ■ 

AcOH, rt 




Ph 



electrophile 


sulfide 




thiol 
ee (%) 


yield {%) 


ee (%) 


PhjCO 


95 


89 


SI 


acetone 


40 


80 


80 


cyclohexanone 


46 


81 


80 


benzaldehyde 


55 (syn /anti = 45 / 55) 


syn : 95 anti : 93 




CO 2 


54 


83 


82 


MeOTf 


85 


78 


78 
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Asymmetric reaction of the sulfides bearing a tricarbonyl(tj®-arene)chromi- 
um complex was shown to be successful by Gibson and Simpkins [48, 49] . The 
benzylic methylene groups in tricarbonylfij^-phenylmethyl alkyl sulfide)chro- 
mium(O) and tricarbonyl(Tj^-l,3-dihydroisobenzothiophene)chromium(0) were 
highly asymmetrically functionalized by deprotonation with a chiral bis -lithium 
amide and subsequent electrophilic reactions (Tables 4 and 5). 



Table 4. Enantioselective reaction of tricarbonyl(ri®-phenylmethyl alkyl sulfide)chromium(O) 




Cr(CO)a 



1 ) 

Ph Ph 

\_ ^ 

Vn n-k;^ 

Ph Li Li Ph.LiCI 

2) R^X 

THF, -78 °C 







Cr(CO )3 





R^X 


yield (%) 


ee (%) 


Me 


PhCHgBr 


91 


88 


Et 


Me3SiCI 


72 


82 


CHjPh 


Mel 


84 


91 



Tables. Enantioselective reaction of tricarbonyl(ij®-l,3-dihydroisobenzothiophene)chromi- 
um(0) 




Cr(CO )3 



1 ) 



Ph Ph 

\ / 

N-\ 

Ph Li Li Ph.LiCI 



2) electrophile 
THF, -too "C 



E 




Cr(CO )3 



electrophile 


yield (%) 


ee (%) 


Mel 


95 


94 


PhaCO 


88 


95 


MegSiCI 


95 


89 



Gibson and coworkers have pointed out an interesting feature of these reac- 
tions: the reaction of the a-lithiated sulfides, derived from the chromium com- 
plexes of benzyl sulfides, gives products having a configuration opposite to that 
obtained in the reaction of the corresponding ethers [Table 4 and Eq. (9)] [50], 
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although this type of stereochemical reversibility has not been observed in 
enantioselective reactions of chromium complexes of 1,3-dihydroisobenzothi- 
ophene and the 1,3-dihydroisobenzofuran [51]. 

1 ) 

Ph Ph 

\ / 

>— N N— t E 

Ph Li Li 

2) electrophile 

THF, -78 °C Cr(CO )3 

electrophile: Mel, PhSSPh 
>97% ee 

The reaction of the chromium complexes of benzyl ethers has been assumed 
to proceed through a selective deprotonation giving the configurationally stable 
intermediates, which react with electrophiles from their exo face [Eq. (10)] [52]. 
Provided that the reaction of benzyl sulfides proceeds through similar interme- 
diates, the different stereochemical results between benzyl sulfides and ethers 
would be rationalized by the difference in the deprotonation pattern. 




OR 

Cr(CO )3 

R = Me, Bn 



selective deprotonation 1 



Or OR® 
(CO)3 



^ Rt Ph 

v_ ^ 

Vn n- 
Ph Li Li 



Ph 



I exo face| 

c 

(CO)3 



R'X 



(10) 



Uemura and Katsuki have independently reported the enantioselective [2,3]- 
sigmatropic rearrangement of allylic sulfur ylides using a catalytic amount of 
chiral rhodium(II) and cobalt(III) complexes, respectively. The carbenoids de- 
rived from diazoacetate were enantio selectively added to the sulfur atom of cin- 
namyl phenyl sulfide to afford the product with low to good enantioselectivity 
[53,54] [Eq. (ll)].McMillen and coworkers have also reported a similar enanti- 
oselective [2,3]-sigmatropic rearrangement of allylic sulfur ylides using a Cu(I)- 
bis(oxazoline) catalyst [55]. 
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0 © CO 2 R 

+ n=N=( 

H 



chiral catalyst 



0 ^C02R 

© 



R = 'Bu 



R=Et 



[2,3] 

Ph 

CO2R 

Rh 2 ( 5 S-MEPY )4 (1 mol%) 81%, anti : syn = 60 : 40 
CHCI 3 , 0 “C 1 8% ee, 1 7% ee 




Co-salen(lll) (0.05 mol%) 
CH 2 CI 2 , rt 



81%, anti : syn = 85 : 15 
64% ee (anti) 



( 11 ) 




Rh2(5S-MEPY)4 




Co-salen(lll) 



2.2 

Enantioselective Reactions of a-Sulfonyl Carbanions 



Carbanions a to the sulfonyl group can be easily prepared due to their high acid- 
ity in comparison with a-thio carbanions. Although a-sulfonyl carbanions have 
a more sp^-hybridized character than a-thio carbanions [24, 56], a-sulfonyl car- 
banions have been shown by Gais and coworker to have a somewhat higher in- 
version barrier to racemization than a-thio carbanions [35]. For example, when 
an enantiomerically pure trifluoromethyl sulfone was first deprotonated with n- 
BuLi and subsequently protonated with trifluoroacetic acid, the sulfone was re- 
covered with 90% ee [Eq. (12)]. 



V/. 

F3C" 

Me 

(S) >99% ee 



1) n-BuLi (3 min) 

2) CF 3 CO 2 H 



THF, -105 °C 






FoC' 






Ph 



Me 

(S) 90% ee 



( 12 ) 



Silylation of a-sulfonyl carbanions may proceed through an asymmetric de- 
protonation pathway [Eqs. (13) and (14)] [57]. Thus, Simpkins has shown that 
silylated products are obtained with certain enantioselectivities when TMSCl is 
present in the reaction mixture during the deprotonation reaction with a cam- 
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phor-derived lithium amide (internal quench condition), whereas the external 
quench of the generated carbanions with TMSCl gives racemic products. 



Ph 



O. ,o 

'V'' 




Li 

NyPh 




Ph 



MegSiCI 



O. 

SIMgs 
71%, 67% ee 



(13) 



O 'O 







Li 

N Ph 

CH3 or 




Ph 



MeaSiCi 



(gX 

o 



SiMeq 



(14) 



48%, 21% ee 



Enantioselective reaction of the lithium carbanion derived from an allyl sul- 
fone in the presence of a chiral diamine has been reported by Mukaiyama and 
coworkers to afford a product with low enantioselectivity (15% ee) in compari- 
son with the organomagnesium compound [60% ee,Eq. (15)] [58]. Since the de- 
protonation is carried out at high temperature, probably this reaction does not 
proceed through an asymmetric deprotonation. 



1 ) base / chiral ligand, 0 "C 

2) acetone , -78 °C 



THF 





OH 

chiral ligand 



Base 


yield (%) 


ee (%) 


n-BuLi 


91 


15 


EtMgBr 


47 


60 



(15) 



2.3 

Asymmetric Reactions of a-Sulfinyl Carbanions 

The enantioselective reaction of a-sulfinyl carbanions involves both desym- 
metrization of the prochiral alkyl groups and diastereoselection. Simpkins and 
coworkers have reported the asymmetric induction of a trans-thiane oxide with 
a camphor-derived chiral lithium amide giving products with complete diaster- 
eoselectivity and with good enantioselectivity (Table 6) [59, 60]. 
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Table 6. Enantioselective deprotonation of frans-thiane oxide using a chiral lithium amide 




-78 °C 


0 




electrophile 


yield (%) 


ee (%) 


MeaSiCI 


91 


60 


Mel 


81 


64 



More recently, they have reported an enantioselective reaction via an a-sulfi- 
nyl carbanion involving rearrangement to a vinyl sulfoxide [Eq. (16)] [61]. 
Treatment of an episulfoxide with a chiral lithium amide followed by methyla- 
tion yielded a methysulfinylcyclopentene with high enantioselectivity. In this re- 
action, the enantioselection occurs in the first deprotonation step. 



1) Ph Ph 

V®02Ph \ ) — \ / 

\ I Ph Li Li PI 

^ 

O THF, -78 °C 



jSOjPh 

S{0)Me 
85%, 82% ee 



(16) 



Kinetic resolution was shown by Kunieda and coworker to be another enan- 
tioselective process of a-sulfinyl carbanions. Slight asymmetric induction was 
achieved in the reaction of racemic a-lithiomethyl p-tolyl sulfoxide with ethyl 
carboxylates in the presence of (-)-sparteine [Eq. (17)] [62]. 



PhCOjEt 



O 

Tol'^'CH^Li <2 °eq.) 
(-)-sparteine 



O J' ® 



THF, 0 °C 



70%. 15% ee 



(17) 



2.4 

Enantioselective Reactions of a-Lithiated Dithioacetals 

Metalated dithioacetals are known to be useful as acyl anion equivalents. Thus, 
successful diastereoselective reactions have led to many applications of dithioa- 
cetals [63]. However, only a few enantioselective reactions of symmetric dithio- 
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acetals have been reported. One example is the enantioface-selective conjugate 
addition of a lithiated dithiane to a,p -unsaturated esters, in the presence of a 
chiral ligand derived from L-phenylalanine [Eq. (18)] [64]. 



1) n-BuLi 




toluene, -78 °C 




(18) 



It is known that the use of (-)-isosparteine as a ligand sometimes gives much 
better enantioselectivity than (-)-sparteine [65]. The following reaction is an 
example. Enantioface-selective reaction of 2-lithio- 1,3 -dithiane with benzalde- 
hyde in the presence of (-)-a-isosparteine gave the addition product with 70% 
ee, whereas the reaction with (-)-sparteine showed almost no selectivity [66]. 
The assumed transition state for this reaction is illustrated in Eq. (19). However, 
the reaction failed to achieve high enantioface-selection with aliphatic alde- 
hydes. 




3 

Enantioselective Reactions of Selenium Compounds 



Only a few enantioselective reactions of a-seleno carbanions have been report- 
ed. First, Hoffmann and coworkers observed, using ^^Se-NMR spectral analyses, 
large equilibrium constants for diastereomeric complexes derived from a-se- 
leno carbanions and various chiral diamines [67]. They studied the enantiose- 
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lective reaction of an a-seleno carbanion generated from a diselenoacetal, with 
benzaldehyde in the presence of chiral diamines and found that a chiral cy- 
clopentanediamine ligand showed good enantioselectivity [Eq. (20)] [68]. The 
reaction of the a-seleno carbanion with racemic or chiral aldehydes in a Hoff- 
mann test showed that it proceeds through a dynamic thermodynamic resolu- 
tion pathway. Since the a-seleno carbanion-chiral diamine complex was found 
to react with benzaldehyde more rapidly than the uncomplexed organolithium 
species, it was hoped to realize this reaction with a catalytic amount of the chiral 
ligand, but a strong association of the lithium alkoxide formed in the reaction 
with the chiral diamine required the use of a stoichiometric amount of the di- 
amine for this reaction. 



SePh 
SePh 



1) f-BuLi 

"a 



NMes 

NMea_ 



3) PhCHO 
ether, -80 °C 




+ 




syn 74% ee anti 86% ee 



(20) 



83%, syn:anti= 68:32 

As in the case of the sulfur ylide [Eq. (1 1)], the corresponding selenium ylide 
also undergoes enantioselective rearrangement. Diazoacetate was reacted with 
the allylic selenide in the presence of a chiral rhodium(II) catalyst to give the 
product via [2,3]-sigmatropic rearrangement, and somewhat higher enantiose- 
lectivity was achieved [Eq. (21)] [53] than that in the reaction of the correspond- 
ing sulfide. 



©® COjEt Rh2(5S-MEPY)4(1nnol%) 

Pfiv^^^SePh+ n=N=( . 

CHCI3, 0 °c 



®r 

Ph^^^^^\^SePh 

© 



COgEt 




COjEt 



dr 58:42 

25% ee, 41% ee 



4 

Enantioselective Reactions of Phosphorus Compounds 

The enantioselective reactions of carbanions a to phosphorus, such as a-lithiat- 
ed carbanions of activated phosphines, phosphonates, and phosphine oxides. 
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have been studied extensively because of their broad synthetic utility. In fact, 
enantioselective reactions of cx-lithiated phosphonates with carbonyl com- 
pounds give olefins having axial chirality. Furthermore, the enantioselective re- 
action of a-carbanions of phosphine-boranes affords a method for the prepara- 
tion of the C 2 -symmetric chiral ligands and P-chiral ligands. In this section, 
enantioselective reactions of phosphorus compounds are described, including 
their reaction mechanisms and synthetic applications. 

4.1 

Enantioselective Horner-Wadsworth-Emmons Reactions 

The Horner-Wadsworth-Emmons (HWE) reaction of a carbonyl compound 
with an a-lithiated phosphonate is an extremely useful method for introducing 
a double bond. In order to create a chiral compound having a double bond, 4- 
substituted cyclohexanones, 3-substituted cyclohexanones, 2,2-disubstituted 
cyclohexane- 1, 3 -diones, or ketenes would be potential carbonyl substrates for 
the enantioselective HWE reaction, as Rein and coworker proposed [Eig. (15)] 
[69]. Only 4-substituted cyclohexanones have so far been applied to the enanti- 
oselective HWE reaction. 

The HWE reaction is known to proceed in a stepwise manner [Eq. (22)]: first, 
reversible aldolate formation, and second, irreversible double bond formation 
with liberation of the phosphate. Enantioselection occurs according to either of 
the following pathways: 

1) the enantioselectivity is dependent on the rate of formation of the diastereo- 
meric aldolates, when the selection of one of the prochiral methylene protons 
of the phosphonate and the selection of one of the prochiral carbonyl faces are 
effected by a chiral additive, and elimination of the phosphate is faster than 
the reversible reaction, or 

2) the enantioselectivity is dependent on the rate of elimination of the phos- 
phate from the diastereomeric aldolate-chiral ligand complexes. 




R 



Fig. 15. The carbonyl substrates proposed for enantioselective HWE reactions 
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In contrast to the number of studies on asymmetric HWE reactions using chi- 
ral phosphonates, only a few enantioselective HWE reactions using a combina- 
tion of achiral phosphonates and chiral ligands are known [69, 70]. Koga and 
coworkers reported the first enantioselective HWE reaction of diethylphospho- 
no acetonitrile and 4-fert-butylcyclohexanone using a stoichiometric amount of 
lithium 2-aminoalkoxides as a chiral base [Eq. (23)] [71]. The a, (3 -unsaturated 
nitrile was obtained in 92 % yield with 52% ee. When the racemic aldolate inter- 
mediate was treated with a chiral diamine, a similar result was obtained. These 
results show that dissociation of the lithium aldolate to the a-lithiated phospho- 
no acetonitrile and recombination to the aldolate reversibly occurs during the re- 
action, and the enantioselectivity is controlled by the rate of the elimination re- 
action of the phosphate. 

Me Ph 

O 'BuCHg— NH OLi 

+ (EtOlaP-CHjCN 

toluene, -78 °C 
3h 

92%, 52% ee 

Tomioka and coworkers have reported the enantioselective reaction of A-tert- 
butylcyclohexanone with lithium phosphonates in the presence of a chiral 
dimethoxyethane. They succeeded in the isolation of the diastereomeric al- 
dolates, one of which was formed with high enantioselectivity. Thermal treat- 
ment of this aldolate in propionic acid/NaOAc gave benzylidene-4-ferf-butylcy- 
clohexane without any change in enantioselectivity [Eq. (24)] [72] . These results 
indicate that the enantioselectivity of the reaction is controlled not only in the 
first deprotonation step but also by the discrimination of the carbonyl face, al- 
though the enantio determining step in this reaction is not in accord with Koga’s 
results mentioned above. 






p 

+ (EtOjzP-CHzPh 



Ph Ph 



MeO OMe 
/>BuLi 

toluene, -78 °C 
0.5 h 




PO(OEt)2 




(24) 



85%, 84% ee 



OH 



Ph'" ^PO(OEt)2 



5%, 12%ee 



The fluoroolefin moiety is known to be useful as an amide bond mimic of bi- 
oactive compounds [73]. Nagao and coworkers have reported the enantioselec- 




202 



Takeshi Toru, Shuichi Nakamura 



tive formation of fluoroalkylidenes by HWE reactions. Reaction of 2-fluoro-2- 
diethylphosphonoacetates with Sn(OTf) 2 , f/-ethylpiperidine, and a chiral pyrro- 
lidine base afforded the desired a-fluoro-a,p-unsaturated esters in up to 80% ee 
[Eq.(25)] [74], 



1 ) Sn(OTf) 2 / , 0 °C, 30 min 




79%, 80% ee 



The reactions described above require a stoichiometric amount of a chiral lig- 
and to obtain the products in optically active form. Shioiri and coworkers have 
reported a catalytic version of the enantioselective HWE reaction using 
phosphonoacetates. Various chiral quaternary ammonium salts were examined 
as phase-transfer catalysts, generating enantioselectivity in chiral a,p-unsatu- 
rated esters which ranged from 37 % ee to 55 % ee. The best result (55 % ee) was 
obtained by using a quaternary ammonium salt derived from cinchonine and 
RbOH as a base [Eq. (26)] [75]. 




Toda and coworker have disclosed that the solid-state enantioselective Wittig 
reaction of (carbethoxymethylene)triphenylphosphorane using a chiral 1,4-di- 
oxaspiro[5,4]decane as a chiral host compound gave 4-tert-butylcar- 
bethoxymethylidenecyclohexane with 57% ee [Eq. (27)] [76], although the reac- 
tion using various chiral carboxylic acids, as host compounds (such as mandelic 
acid and W-phthaloylleucine), gave the product with less than 10% ee [77]. 
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58%, 57% ee 



4.2 

Enantioselective Reactions of a-Lithiated Phosphine Oxides 

Simpkins and coworker have reported desymmetrization of a meso-phos- 
pholane oxide involving discrimination of prochiral protons by a chiral lithium 
amide (Table 7) [78]. The addition of LiCl was effective to enhance the selectiv- 
ity, probably due to lesser aggregation of the lithium salt [79]. In certain cases 
the enantiomeric excesses of the products could be increased up to 97 % ee by 
recrystallization. The obtained phospholane oxides can be readily reduced to 
optically active phosphines, which are known to be useful as chiral ligands. 



Table 7. Enantioselective reaction of a meso-phospholane oxide 



O. ,Ph 

Ph^Ps^Ph 




N Ph 
Li 



,LiCI 



2) electrophile 
THF, -too "C 



Q.wPh 

Ph^Ps^ 



Ph 

E 



electrophile 


yield (%) 


ee (%) 


Mel 


87 


85 


acetone 


85 


87 


PhCHO 


82 


92 



Deprotonation-protonation is an alternative choice for asymmetric induc- 
tion. Deprotonation of the meso-phospholane oxide with s-BuLi-(-)-sparteine 
and subsequent protonation with acetic acid afforded trans-phospholane oxide 
with 45 % ee together with the recovered meso-phospholane oxide (Table 8) [80] . 

Vedejs and coworker succeeded in a kinetically controlled enantioselective 
protonation reaction, in which a-lithiated methylbenzylphosphine oxide was 
treated with «-BuLi at -78°C and, subsequently, with a chiral camphor-derived 
amine to achieve protonation [Eq. (28)] [81]. Thereafter, Warren and coworkers 




204 



Takeshi Toru, Shuichi Nakamura 



Table 8. Enantioselective protonation-deprotonation of a meso-phospholane oxide 



OwPh 
Ph^^Pv ^Ph 






1 ) s-BuLi / (-)-sparteine 

2) protonating agent 

THF, -78 °C 



q. .Ph 

Phs^..>'Ph + 

(trans.cis) 



q- >ph 

Ph>^^^Ph 
meso (transjrans) 



protonating 


ratio 


{trans, cis) 


agent 


( trans, cis) : ( trans, trans) 


ee (%) 


fert-BuOH 


98 


2 


2 


CH3CO2H 


33 ; 66 


45 


PhgCH 


5 


95 


58 



proved by the Hoffmann test that carbanions a to phosphine oxides are config- 
urationally labile [21]. However, treatment of isobutylphosphine oxide with n- 
BuLi-(-)-sparteine at -78°C and subsequently with TMSCl resulted in low enan- 
tioselectivity [Eq. (29)] [82]. 



1) n-BuLi 




Me H 

V 

PhaP Ph 

‘‘ii 

O 

81% ee 



(28) 



2) MegSiCI 



1 ) n-BuLi / (-)-sparteine 






ether / THF, -78 °C 



Ph"f? 



'Pr 



O 

48%, 10% ee 



(29) 



4.3 

Enantioselective Reactions of a-Lithiated Phosphine Derivatives 

There are no reports on the enantioselective reaction of the carbanion a to non- 
activated phosphines due to the low acidity of their a-protons. However, forma- 
tion of phosphine-borane complexes enables deprotonation at the a position 
[83]. Evans and coworkers have found that enantiotopic methyl groups of phos- 
phine-boranes can be efficiently discriminated by s-BuLi-(-)-sparteine 
[Eq. (30)] [84]. This result is in accord with many other reports that the chiral 
complex composed of s-BuLi and (-)-sparteine is generally the most efficient 
enantioselective deprotonating combination [1, 2, 3, 85]. However, in the reac- 
tion of phosphine sulfides this is not the case. The n-BuLi-(-)-sparteine combi- 
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nation shows better enantioselectivity (79% ee) than when using s-BuLi-(-)- 
sparteine [Eq. (31), 55% ee]. The oxidative coupling by copper(II) pivalate af- 
forded C 2 -symmetric P-chiral diphosphine-boranes with excellent enantioselec- 
tivity via the enantiomerically enriched a-lithiated phosphine-boranes formed 
by the action of s-BuLi-(-)-sparteine. Formation of the meso-isomer reduces the 
amount of the antipode [Eq. (32)]. This reaction was applied by Imamoto and 
coworkers to the synthesis of C 2 -symmetric P-chiral diphosphine ligands and 
enantio enriched secondary phosphine-boranes [86]. 



BH3 

Me 



1) s-BuLi / (-)-sparteine 

2) PhaCO 



EtaO, -78 °C 



BH 3 OH 
Me 



84%, 87% ee 



(30) 



S 

II 

o-Tol'"f’'- 

Me 



Me 



1) n-BuLi / (-)-sparteine 

2) PhaCO 



EtaO, -78 °C 



OH 



o-Tol"’, 

Me 






79%, 79% ee 



(31) 



BH3 

Me 



1 ) s-BuLi / (-)-sparteine 

2) Cu(OPiv)a 



EtaO, -78 °C 



BH 3 BH 3 

o-Tol-f-s ^’^'■•Me 

Me o-Tol 



+ meso 



67%, 99% ee 
(S,S) : meso = 88:12 



(32) 



Kobayashi and coworkers have demonstrated that optically active phos- 
pholane-2 -carboxylic acid [n=l,Eq. (33)] and phosphorinane-2 -carboxylic acid 
(n=2) can be prepared by asymmetric carboxylation of the phosphine-borane 
complexes. High trans selectivity and excellent enantiomeric excesses of the 
trans isomers were achieved on treatment of 1-phenylphospholane-borane and 
1-phenylphosphorinane-borane complexes with 5-BuLi-(-)-sparteine and sub- 
sequently with CO 2 . Notably, enantioselectivity was improved up to 92% ee 
when 1-phenylphospholane-borane was treated with s-BuLi-(-)-sparteine at 
25°C, compared with 83% ee at -78°C [87]. 




1 ) s-BuLi / (-)-sparteine, T °C 

2) CO2, -78 "C 



EtgO 






:p.: 'cogH 
Ph^ 'BH 3 



n = 1 , -78 °C, 24% 

trans : c/s = 3 : 1 , 83% ee (trans) (33) 

25 “’C, 55%, 

trans : c/s = 4 : 1 , 92% ee (trans) 

= 2. _78 «c, 40%, 

trans : c/s = 1 8 : 1 , 90% ee (trans) 
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Livinghouse and coworkers have reported highly enantioselective alkylation 
of a P-lithiophosphine-borane in the presence of (-)-sparteine [88] [Eq. (34)]. 
The enantiomeric excess in the reaction was dependent on the reaction time and 
temperature. The lithium phosphine-borane was stirred for 1 h at 25 °C in the 
presence of (-)-sparteine prior to alkylation with alkyl halides at -78°C, giving 
products with high enantioselectivity (up to 93% ee), whereas warming the reac- 
tion mixture to 0°C prior to alkylation resulted in lower enantioselectivity (35% 
ee). From these results, they have concluded that the reaction of lithium phos- 
phine-borane in the presence of (-)-sparteine proceeds through a dynamic ther- 
modynamic resolution pathway. Furthermore, they also proved that the P-lithio- 
ferf-butylphenylphosphine-borane-(-)-sparteine complexes are configurational- 
ly stable at -78°C by the fact that deprotonation of a chiral phosphine-borane and 
subsequent reaction with alkyl halides proceed with retention of configuration at 
phosphorus without changing the value of the enantiomeric excess [Eq. (35)] 
[89]. They observed products with higher ees in the reaction of the P-lithiophos- 
phine-borane with alkyl dihalides [Eq. (36)], as in the reaction shown in Eq. (32). 



BHg 



n-BuLi / (-)-sparteine 



BH, 



Mel 



Et,0 



Ph 'fr,Li-Ln td,,' 

Bu -78 °C Bu 



BH, 

I 

Ph.n.p 

(d,/ Me 



-78 -^25°C 
-78 ^ 0 °C 



88%, 93% ee 
35% ee 



1) n-BuLi 

Ph^ t"H ► 

Me tHF,- 78°C 
>99% ee 

1 ) n-BuLi / (-)-sparteine 
-78 ^25°C 

BH3 2) 

EtpO 




94%, >99% ee 




(fl,R) 

21.7 : 1 

68%, >99% ee 



meso, (R,S) 



(34) 



(35) 



(36) 



5 

Enantioselective Reactions of Halo Compounds 

In general, organomagnesium compounds are configurationally more stable 
than organolithium compounds [90]. An a-bromomagnesium compound was 
demonstrated by Hoffmann and coworkers to have high configurational stability 
at -78°C in a reaction starting with a chiral a-bromo sulfoxide. This reaction 
proceeds with retention of configuration [Eq. (37)] [91]. 
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They also succeeded in discrimination of prochiral iodine atoms. In the reac- 
tion of l,l-diiodo-2-phenylethane with a chiral Grignard reagent, one of the io- 
dides preferentially underwent iodine-magnesium exchange; subsequent aldol 
reaction with benzaldehyde in the presence of Me 2 AlCl resulted in the formation 
of an iodohydrin with 53% ee [Eq. (38)] [92], 




73% 

dr >97 : 3, 53% ee 



6 

Enantioselective Reactions of Benzyllithium Compounds without an 
Adjacent Heteroatom 



Since benzyllithium compounds having no adjacent heteroatom are configura- 
tionally labile [93], their enantioselective reactions may proceed through an 
asymmetric substitution pathway. In 1971, Nozaki and coworkers commented in 
the first enantioselective reaction of benzyllithium compounds that the enanti- 
omeric ratio of organolithium compounds might be influenced by a chiral addi- 
tive [94]. Deprotonation of ethylbenzene was performed with n-BuLi-(-)- 
sparteine at 70°C, followed by carboxylation at -65 °C [Eq. (39)]. 

15%, 30%ee 



1) n-BuLi / (-)-sparteine , 70°C 

2) COg, -65 °C 

hexane 
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Taylor and Wei have reported an excellent alternative way to generate the ben- 
zyllithiums, starting with 2-substituted styrenes. Addition of «-BuLi to 2-substi- 
tuted styrenes in the presence of (-)-sparteine successfully afforded benzyllith- 
iums which were trapped with CO 2 to give products with high enantioselectivity, 
the absolute stereochemistry of the products not being determined [Eq. (40)] 
[95]. 




1 ) n-BuLi / (-)-sparteine 

2) CO 2 



cumene, -95 °C 



CO2H 

at” 

58%, 72% ee 



(40) 



Recently, Beak’s group has disclosed a number of highly enantioselective re- 
actions of benzyllithum compounds having various activating groups in a re- 
mote position. They have proved these reactions proceed through either a dy- 
namic thermodynamic resolution pathway, or a dynamic kinetic resolution 
pathway. When 2 equiv. of the base are used, |3-lithiation of N-methyl-3-phenyl- 
propionamide is favored over a-lithiation. The lithium carbanion at the (3 -posi- 
tion is stabilized by the coordination of the amide nitrogen to lithium, this effect 
being termed the complex-induced proximity effect [ 96] . This was confirmed by 
the ®Li- and ^^C-NMR spectral analyses of the |3-lithiated amide. High enantiose- 
lectivity was achieved in subsequent reactions with various electrophiles in the 
presence of (-)-sparteine (Table 9) [97]. 



Table 9. Enantioselective reaction of N-methyl 3-phenylpropionamide 





s-BuLi/ (-)-sparteine 
-78 °C,1:1 MTBE/THF 



Ph 



Me 



Li N 

^ou 



electrophile E O 

H 



electrophile 


yield (%) 


ee (%) 


Mel 


84 


78 


n-Bul 


77 


88 


PhCHjBr 


78 


80 


Ph2CO 


84 


73 
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This reaction showed high enantioselectivity even when (-)-sparteine was 
added after lithiation of the carboxamide. Also, the racemic lithium carbanion 
derived from the racemic tin precursor via metal exchange reaction, gave prod- 
ucts with high enantioselectivity [Eq. (41)], whereas when the carbanion pre- 
pared from the corresponding chiral tin compound was reacted with an elec- 
trophile such as TMSCl without (-)-sparteine it yielded racemic product. These 
results indicate that the reaction of the lithiated 3-phenylpropionamide pro- 
ceeds through an asymmetric substitution pathway. Furthermore, a warm-cool 
procedure and then reaction with a substoichiometric amount of an electrophile 
confirmed a dynamic thermodynamic resolution pathway for this reaction. 

1) s-BuLi 

X O 2) (-)-sparteine Me 3 Si y O 

H -78°C, THF H (41) 

X = H, Y = H, 72%, 82% ee 
X = SnBua, Y = H, 48%, 78% ee 
X = D, Y = D, 7504 ( 940 /^ ^j^) 9 oo/„ ee 

The enantioselective reaction of lithiated N-pivaloyl-o-ethylaniline with var- 
ious electrophiles was also successful [98] (Table 10). The temperature of the re- 
action significantly influenced the stereoselectivity. The reaction of lithiated N- 

Table 10. Enantioselective reaction of o-ethyl-N-pivanilide 

PivNH 1)s-BuLi 

2) (-)-sparteine 



MTBE, -25 °C 




PivNLi Lbsparteine 




electrophile 



-78 X 



PivNH E 




electrophile 


yield (%) 


ee (%) 


CH2=CHCH2Br 


67 


82 


PhCH2Br 


56 


80 


PhCHO 


67 


82 
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pivaloyl-o-ethylaniline with TMSCl in the presence of (-)-sparteine at -78°C 
gave the silylated product with low enantio selectivity [Eq. (42)]. On the other 
hand, aging of the mixture of (-)-sparteine and benzyllithium for 45 min at - 
25 °C prior to the addition of TMSCl at -78°C, remarkably increased the enanti- 
oselectivity. Furthermore, when 0.1 equiv. of TMSCl was used, the silylated 
product was obtained with much higher enantio selectivity than in the reaction 
with a stoichiometric amount of the electrophile. From these results the reaction 
of lithiated M-pivaloyl-o-ethylaniline was shown to proceed through a dynamic 
thermodynamic resolution pathway. 



PivNH 




s-BuLi 

EtaO 



PivNLi Li 




1) (-)-sparteine 
(conditions A,B, or C) 

2) MegSiCi 




A; (-)-sparteine, -78 'C (75 min) ' 

52%, 21%ee 

B: (-)-sparteine, -25 °C (45 min), then -78 °C (30 min) 

72%, 90% ee 

C: (-)-sparteine, -78 °C (15 min) 

0.1 equiv of MesSiCi, 82% ee 

The chiral benzyllithium compound generated by the reaction of the enan- 
tioenriched stannyl precursor with s-BuLi-(-)-sparteine was reacted with cy- 
clohexanone to give the product with good enantioselectivity. Interestingly, this 
reaction proceeds with inversion of the configuration of the stannylated carbon 
[Eq.(43)j. 



PivNH SnMea 1) s-BuLi / (-)-sparteine 
2) cyciohexanone 




MeO'Bu, -78 “C 




(43) 



66% ee 68%, 62% ee 

High levels of enantioinduction were observed in the reaction of M,M-diiso- 
propyl-o-ethylbenzamide with s-BuLi-(-)-sparteine and subsequently with alkyl 
halides or a stannyl chloride (Table 11) [99]. Since lithiated M,M-diisopropyl-o- 
ethylbenzamide was confirmed to be configurationally labile by a Hoffmann 
test, the reaction should proceed through a dynamic kinetic resolution pathway. 
Note that alkylation with alkyl tosylates gives the products having the reverse 
stereochemistry to that obtained with alkyl halides. The alkyl halide (a non- 
complexing, reactive electrophile) approaches the carbanion from the sterically 
less encumbered direction to give the inversely substituted product, whereas the 
reaction with the alkyl tosylate (a coordinative, low reactive electrophile) pro- 
ceeds with retention of the stereochemistry at the carbanionic center. Highly di- 
astereo- and enantioselective reactions of the lithiated ethylbenzamide with im- 
ines have been reported by Snieckus and Derdau [Eq. (44)] [ 100]. 
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Table 11. Enantioselective reaction of Af,Af-diisopropyl-o-ethylbenzamide 






RCI 


yield {%) 


ee {%) 


ROTS 


yield (%) 


ee (%) 


CH2=CHCH2CI 


89 


92 


CH2=CHCH20Ts 


46 


88 


n-BuCI 


95 


80 


n-BuOTs 


52 


97 


BusSnCI 


78 


87 


PhCH20Ts 


26 


77 




1 ) s-BuLi / (-)-sparteine 

2) PhCH=NPh 



toluene, -78 °C -» rt 



41%, 95% de, 98% ee 




(44) 



Hoppe and coworkers succeeded in crystallization of lithiated 1 -methyl- or 1- 
butyl-3H-indene and (-)-sparteine complexes (Table 12) [101]. The crystalliza- 
tion preferentially gave one of the stereoisomers which was reacted with acid 
chlorides to afford acylated indenes with high enantioselectivity. In a compari- 
son of the absolute configuration of the acylated indenes with that of the crystal- 
lized complexes determined by the X-ray analysis, it was found that the reaction 
with acid chlorides proceeds with retention of configuration at the lithiated car- 
banion. 

It has been reported by Levacher and coworkers that the enantioselective 
methylation of the lithiated diarylmethane shows good enantioselectivity [102]. 
In addition, they studied the protonation reaction of lithiated l-phenyl-l-(2-py- 
ridyl)ethane with various proton sources and found that protonation by the use 
of 2,6-di-ferf-butyl-4-methylphenol in the presence of (-)-sparteine shows good 
enantioselectivity. Even better selectivity can be obtained in the protonation 
with chiral N^,iV-dimethylephedrine [Eqs. (45) and (46)] . Eurthermore, as anoth- 
er example of the enantioselective protonation, they have disclosed highly enan- 
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Table 12. Enantioselective reaction of 1-methyl- and l-butyl-3H-in denes 







n-BuLi / (-)-sparteine 
£ 12 © / hexane 




a: R = Me 
b: R = n-Bu 




^^Li»sparteine 
R 

crystallization 

^'';;Li»sparteine 



Electrophile 




R 


electrophile 


yield (%) 


ee (%) 


Me 


MeOCOCI 


64 


>95 


Me 


MeCOCI 


63 


>95 


Me 


PhCOCI 


74 


>95 


n-Bu 


PhCOCI 


79 


>95 



tioselective deuteration of lithiated 4-phenyl tetrahydroisoquinoline [Eq. (47)] 
[103]. 





1 ) s-BuLi / (-)-sparteine 

2) Mel 



hexane, -78 °C 




Method A or B 
ether, -78 °C 



44%, 52% ee 
Me 




Method A 

1) s-BuLi, (-)-sparteine, 2) 




65% ee 



(45) 



(46) 



Method B 
1) s-BuLi, 2) 



Ph 

HoA^NMea 

Me 




1) n-BuLi, (-)-sparteine 

2) MeOD 



EtgO, ^5°C 



84% ee 




( 47 ) 



88% ee 
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7 

Conclusion 

In this chapter, we have presented the enantioselective reactions of a-hetero car- 
banions and benzylic carbanions and have demonstrated the relation between 
the enantio determining step and the configurational stability of these carban- 
ions. The mechanism of enantioselective reactions and the mechanism of ra- 
cemization of a-hetero carbanions with adjacent S, Se, and P atoms have been 
shown to be often different from those of a-oxy and a-amino carbanions. Gen- 
erally, chiral diamine ligands such as sparteine, isosparteine, bis(oxazoline)s 
and cycloalkanediamines, and chiral lithium amides and alkoxides as deproto- 
nating agents have been effectively used, although the enantioselectivities of 
these reactions have not always been very high. One of the attractive challenges 
for future workers will be the development of catalytic versions of the asymmet- 
ric reactions of the a-hetero carbanions described. 

Note added in proof. DPT calculations have demonstrated how THF solvation of the monomer 
of a chiral a-thioallyllithium compound (similkar to Fig. 10b) impedes racemization, while 
upon dimerization the inversion process accelerates [104]; these findings agree with earlier 
experiments performed by Floppe and coworkers. More recently, (S)-S-(2-cyclohexenyl) N,N- 
diisopropylmonothiocarbamate has been deprotonated by s-BuLi/TMEDA to form a configu- 
rationally stable organolithium {ent Fig. 10b [i-PrNLi = (i-Pr) 2 N][, which does not exhibit sol- 
vent dependent configurational stability, and which is regioselectively a-alkylated by alkyl 
halides with complete stereoinversion to form monothiocarbamates which afford highly 
enantioenriched tertiary 2-cyclohexene-l-thiols on reductive cleavage [105], Diphosphines 
(S,S)-l,2-bis(mesitylmethylphosphino)ethane, and (S,S)-l,2-bis(9-anthrylmethylphosphi- 
no)ethane, which contain 2,6-disubstituted aryl P-substituents, were prepared by Evans- 
sparteine-assisted enantio elective deprotonation - Cu(ll) oxidative coupling [Eq. (31)] of 
P(Ar)(Me) 2 BH 3 (Ar = mesityl or 9-anthryl), but the enantioselectivity did not exceed 37% ee 
[106]. The X-ray crystal structure of 1,3-diphenylallithium, complexed with (-)-sparteine,has 
been determined. The crystallized complex is stereohomogeneus; however, its subsequent 
electrophilic substitution reactions proceed with low enantioselectivity (uo to 22% ee) [107]. 
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Enantioselective carbanion rearrangements induced by lithiation a to oxygen have recently 
progressed dramatically. In this chapter, an overview of this field is presented. The first section 
concerns asymmetric Wittig rearrangements. Asymmetric retro-Brook rearrangements are 
then covered, followed by rearrangements of phosphate to phosphonate. The last section re- 
views asymmetric rearrangements of lithiated epoxides. 
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1 

Wittig Rearrangements 
1.1 



Introduction to Wittig Rearrangements 

Allylic, propargylic, and benzylic protons adjacent to oxygen are sufficiently 
acidic to give good yields of carbanions upon treatment with strong bases such 
as alkyllithium reagents. In certain systems, the a-oxy carbanion acts as a mi- 
grating terminus in a rearrangement. These a-oxy carbanion rearrangements 
are synthetically valuable in terms of an O-Y bond to C-Y bond transformation 
(Table 1). In principle, the carbanion rearrangement with a chiral, enantioen- 
riched base (“chiral base”) could produce an optically active product. 

In general, such an enantioselective rearrangement involves two possible 
enantio -determining steps, namely the lithiation step and the bond-rearrange- 
ment step. Also, a dynamic equilibrium may or may not exist between the two 



Table 1. Rearrangement of a-oxy carbanions 



transformation 





O-C — ► C-C 





[1,2]-Wittig 

rearrangement 





[2,3]-Wittig 

rearrangement 








[1 ,4]-Wittig 
rearrangement 



0-Si — ► C-Si 


RaSi^ 


oin3 






OR' 


0 R‘ 


Q_ 

I 

0 

1 

CL 

I 

o 


0 

RO-^-O^R' — 


RO^ .0 
RO'l 

" O^R' 



[1 ,2]-retro-Brook 
rearrangement 



phosphate- 

phosphonate 

rearrangement 
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enantiomeric organolithium intermediates involved. When a chiral base selec- 
tively abstracts one of the enantiotopic protons from the prochiral substrate A, 
either of the chiral organolithium intermediates B or can be formed pref- 
erentially. If the migrating terminus of the resulting carbanion B is configura- 
tionally stable and the rearrangement proceeds stereospecifically (retention or 
inversion), the rearrangement provides enantioenriched product C or ent-C, in 
which the initial lithiation step is stereo-determining (Scheme 1). 




Scheme!. 



Lithiation step ■ 



H H 



; R'Li / L* 



H Li ''" 
B 



fl 



Post-Lithiation step 

dynamic kinetic V 

resoiution L'. 1 

► 'LiO^Z 



thermodynamic \ 
control 



L*. 

'U H 

^-o^z 

en(-B 



», Y 

' 'LiO^Z 
ent-C 



Scheme 2. 



On the other hand, when equilibration exists between the two species B and 
ent-B, and one of the two stereoisomers exists preferentially over the other (in 
the presence of a chiral ligand) and then stereospecifically rearranges, the reac- 
tion provides the enantioenriched product C or ent-C in which the stereochem- 
istry was determined at the post-lithiation step by a thermodynamic control 
mechanism (Scheme 2). Alternatively, if the equilibration occurs rapidly, and ei- 
ther lithio species rearranges much faster than the other species, either C or ent- 




220 



David M. Hodgson, Katsuhiko Tomooka, Emmanuel Gras 



C is formed preferentially in which the stereochemistry was determined at the 
post-lithiation step by a dynamic kinetic resolution mechanism. Therefore, de- 
pending on the configurational stability of migrating terminus and on the mech- 
anism of the reaction, the role of the chiral base varies (i.e., enantioselective 
lithiation agent and/or chiral coordinating agent in the rearrangement). A key to 
success is the judicious choice of chiral base. As a chiral base, several kinds of 
chiral lithium amides and alkyllithium-chiral coordinating agent complexes 
have been developed for the enantioselective rearrangement. 

1.2 

[1.2] -Wittig Rearrangement and Related Reactions 

The [1,2]-Wittig rearrangement is a carbanion rearrangement of ethers or 
acetals which involves a 1,2-alkyl shift onto a a-oxy carbanion terminus [Eq. (1)] 

[1.2] . 



R"Li 



'O 2 R' 
1 



' 0 " 



Li 



LiO" 



R’' 



LiO 2 R' 



( 1 ) 



This type of carbanion rearrangement is recognised to proceed by means of a 
radical dissociation-recombination mechanism. In 1983, Mazaleyrat and Wel- 
vart reported the kinetic resolution of a racemic binaphthyl ether, which in- 
volves an enantioselective variant of the [1,2]-Wittig rearrangement [Eq. (2)] 
[3]. 




The reaction of binaphthyl ether rac-2 with n-BuLi and a chiral coordinating 
agent, (-)-sparteine (1), gave the rearrangement product (-i-)-3 [enriched in (S)- 
axial chirality] and pentahelicene (-i-)-4, along with the recovered ether {R)-2 in 
an enantio enriched form (28% optical purity). This result reveals that {S)-2 re- 
arranges faster than (R)-2 in the presence of (-)-l. 

Recently, a more versatile enantioselective variant was accomplished by use of 
the chiral bis(oxazoline) 5 as a chiral coordinating agent [Eq. (3)] [4]. 
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RLi / L* 
EtaO, -78 °C 






HO Ph 
(S)-7 



f-BuLi/(S,S)-5 (1 eq./1 eq.) 

(2 eq. / 1 eq.) 

(2 eq. / 0.1 eq.) 
s-BuLi / (-)-1 (1 eq. / 1 eq.) 



55%, 60% ee 
94%, 62% ee 
86%, 60% ee 
36%, 24% ee 



(3) 




The rearrangement of dibenzyl ether 6 using the premixed complex f-Bu- 
Li/(S,S)-5 (1.0 equiv. each) in ether at -78°C, afforded a 55% yield of alcohol (S)- 
7 in 60% ee, along with 43% recovery of 6. When s-BuLi/(-)-l was used instead 
of f-BuLi/(S,S)-5, (S)-7 was obtained in only 24% ee. Significantly, when f-BuLi 
(2.0 equiv. )/5 (1.0 equiv.) complex was initially used, the yield of alcohol 7 in- 
creased to 94% while maintaining the same level of ee (62% ee). This indicates 
that two equivalents of t-BuLi are required for the reaction to complete. Based 
on this result, an “asymmetric catalytic version” of the present rearrangement 
has been developed. The rearrangement of 6 using 10 mol % of 5 and 2 equiv. of 
f-BuLi under the same conditions provided the alcohol (S)-7 in equally high 
chemical yield and ee (86%, 60% ee). The amount of the coordinating agent 5 
can be reduced to 5 mol% without any significant change in the results (81 %, 
54% ee). Scheme 3 depicts a plausible asymmetric catalytic cycle in which the 
enantioselectivity might be determined at the radical recombination step in- 
volving the chiral ligand-bound anion radical. 




Scheme 3. 
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The reaction of a racemic a-deuterated ether 6-dj in this particular rear- 
rangement provided valuable information on the mechanism [Eq. (4)]. Optical- 
ly active {S)-7-d^ (>90% D-content) was obtained in 87 % yield, with essentially 
the same ee as previously observed for 6, indicating that the stereochemistry of 
the initially generated a-oxy carbanion has nothing to do with the product ster- 
eochemistry. In other words, the stereochemistry of the rearrangement product 
7 was determined at a post-lithiation step. 



D D D H 
rac-B-dj 



SBuLi/{S,S)-5 
EtjO, -78 ”C 




(S)-7-ob(87%) 
(>90% d. 59% ee) 



(4) 



The enantioselective [1,2]-Wittig rearrangement of various ethers using this 
protocol [t-BuLi (2.0 equiv.)/5 (2.0 equiv.)] is summarised in Table 2. 



Table 2. Enantioselective [1,2]-Wittig rearrangement 




1. f-BuLi / (S,S)-5 
(2.0 eq. / 2.0 eq.) 



2 . H 3 O* 




substrate 




X=TMS 

X=TBDPS 



racemic 

X=TMS 

X=TIPS 




yield % ee 

-78 “C 84% 61% ee 

-110°C 31% 71%ee 

-78 °C 65% 56% ee 



52% 40% ee 

49% 43% ee 



55% 54% ee 

65% 65% ee 



The 1,2-shift of an sp^-carbon such as CH=CHR', C(=NOR)H, and C(= 
0)NR'2 onto the a-oxy carbanion which is formally related to the [1,2] -Wittig re- 
arrangement, has been reported [5-7]. The enantioselective version of car- 
bamoyl migration was accomplished by use of s-BuLi/(-)-l complex as a chiral 
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base [8]. The reaction of carbamate 8 with pre-mixed s-BuLi/(-)-l (1.2 equiv. 
each) in ether at -78°C to room temperature gave the (i?)-a-hydroxy amide 9 in 
46% yield with 96% ee, along with the olefin 10 (29%) [Eq. (5)]. This stereo- 
chemical outcome reveals that the 1,2-carbamoyl migration occurs with com- 
plete retention of configuration at the a-oxy carbanion. The steric course of the 
1,2-carbamoyl migration is in the opposite sense to that of the [1,2] -Wittig rear- 
rangement (predominantly inversion [2d, 9]), and the different stereochemical 
outcome was explained by an addition-elimination pathway in which intramo- 
lecular addition of the a-oxy carbanion to the carbamoyl-carbonyl occurs in 
completely stereoretentive fashion. 



o 

X 

(i-Pr)2N^O'' 

8 



s-BuLi / H-1 



EtzO, -78 °C 



/• 

0-*Li 

R'sN^O^R 



-78 °C ^ rt 



2. HaO-^ 



OYN(i-Pr)2 
HO R " 



(5) 



R = C2H4Ph 



(R)-9 

46% (96% ee) 



10 

29% 



1.3 

[2,3]-Wittig Rearrangement 

The [2,3] -Wittig rearrangement is a special class of [2,3] -sigmatropic rearrange- 
ment which involves an a-oxy carbanion as the migrating terminus to afford a 
variety of homoallylic alcohols or allenic alcohols [Eq. (6)] [2b, 10]. 







( 6 ) 



The regiospecific carbon-carbon bond formations with allylic transposition 
of the oxygen function, as well as the stereoselective formation of vicinal chiral 
centres via the [2,3] -Wittig rearrangement enjoy widespread application in 
many facets of stereoselective synthesis. The enantioselective version of the 
[2,3] - Wittig rearrangement should involve an enantioselective generation of the 
chiral migrating terminus from an achiral substrate with a chiral base. In this 
section, the enantioselective [2,3] -Wittig rearrangement is categorised into two 
classes, according to the type of chiral base employed. 



1.3.1 

Chiral Lithium Amide Protocol 

The pioneering work on the enantioselective [2,3] -Wittig rearrangement was 
carried out by Marshall's group, in the ring-contracting rearrangement of a 13- 
membered cyclic ether using lithium bis( 1 -phenylethyl^mide 1 1 as a chiral base 
[Eq. (7)] [11]. Upon treatment with (S,S)-11 (3 equiv.) in THE at -70 to -15°C, 
ether 12 afforded the enantioenriched alcohol 13 in 82% yield with 69% op. The 
reaction was applied in the synthesis of (-i-)-aristolactone (14). 
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(S,S)-11 



THF, 

-70^-15°C 




Li 



Ph 



(S,S)-11 




(S.S)-13 

82% 

(69% optical purity) 




W-14 



(7) 



However, a similar rearrangement of related 9- and 17-membered cyclic sub- 
strates 15 and 17 with amide 11 provided lower ees (25 and 29% ee, respectively) 
(Scheme 4) [11, 12]. Accordingly, the level of enantioselection appears to depend 
critically upon the substrate ring size. In fact, no appreciable level of enantiose- 
lectivity was observed in the rearrangement of acyclic substrate 19 with amide 
11. For the 9-membered ring contraction of 15, exclusive formation of ds-sub- 
stituted cyclohexenol 16 is due to steric constraints which disfavour a highly 
strained trans-bicyclo [4.3.0] transition-state arrangement leading to the trans- 
isomer. Also, even though ether 15 possesses two different sets of abstractable 
protons (a and a'), rearrangement can only occur with the observed regiochem- 
istry owing to the highly unlikely generation of a cyclohexene containing a 
trans-double bond from the alternative deprotonation (a') -rearrangement. 




(S,S)-11 
THF, 25 °C 




15 



( R , fl )-16 

52% 

(>95% dr, 25% ee) 




(S,S)-11 

pentane-THF (9:1) 
-35 -> 20 °C 



17 



18 

78% 

(70% dr, 29% ee) 





19 



(S,S)-11 



THF or 

pentane-THF (9:1) 
or Et 20 




Scheme 4. 



20 

50-70% 

(>95% dr, 0% ee) 
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A transition state model proposed by Marshall for the rearrangement of ether 
12 is shown in Scheme 5. The chiral amide (S,S)-11, in a partial chair-like con- 
formation, may abstract either of the enantiotopic propargylic protons 
(Scheme 5). Complex A should be of lower energy than complex B, as the former 
lacks the unfavourable phenyl/alkyne interaction present in complex B, thus the 
pro-i? proton was removed predominantly. This rationale suggests that the 
enantioselectivity is predominantly determined at the lithiation step. 





(S,S)-13 






Scheme 5. 



A high level of enantioselectivity in the rearrangement of an acyclic system 
has been reported with tricarbonylchromium(O) complexes of allyl benzyl 
ethers, using chiral lithium amide base 21 [13] [Eq. (8)]. Upon treatment with 
1.1 equiv. of lithium amide 21 and 1 equiv. of LiCl at -78 to -50°C, ether 22 af- 
forded the rearrangement product {R)-23 in 80% yield with 96% ee. The effect 
of olefinic substituents on the chemical yields and enantioselectivity of this 
[2,3]-Wittig rearrangement was also studied [see Table 3, Sect. 1.3.3]. 




22 (fl)-23 

Cr* = Cr(CO )3 80% (96% ee) 



Ph Ph 

/ 

N 

Li Li \ 

21 




(8) 



1.3.2 

Alkyllithium-Chiral Coordinating Agent Complex Protocol 

Recently, a number of successful results have been reported for the enantioselec- 
tive [2,3]-Wittig rearrangement induced by the combined use of an achiral (or 





226 



David M. Hodgson, Katsuhiko Tomooka, Emmanuel Gras 



racemic) alkyllithium and a chiral non-racemic coordinating agent [e.g., 
sparteine, isosparteine, norpseudoephedrine,bis(oxazoline)].The first example 
of an alkyllithium and (-)-sparteine (1) or (-)-a-isosparteine (24)-mediated re- 
arrangement was reported by Kang and coworkers [14]. The rearrangement of 
(Z)-allyl propargyl ether 25 induced by s-BuLi/(-)-isosparteine (24) provides the 
[2,3]-productsyn-26 in71% ee, whereas the use of (-)-sparteine (1) shows poor 
enantioselectivity (12% ee) [Eq. (9)]. 



Ph 



s-BuLi / L* 



hexane, 
^ -78 »C 




TMS 




IMS 



25 



TMS 




syn-26 


anti-26 


L* = (-)-24 


dr 74:26 


71% ee 


46% ee 


L* = (-)-1 


dr 38:62 


12% ee 


2% ee 




( 9 ) 



This protocol was applied to the rearrangement of o-allyloxymethylbenza- 
mide 27 [Eq. (10)] [15], crotyl 2-furfuryl ether 29 [Eq. (11)] [16], allylbenzothi- 
azolyl ether 31 [Eq.(12)] [17],anda-propargyloxyacetic acid 33 [Eq.(13)] [18]. 
Moreover, an “asymmetric catalytic version” of the rearrangement has been re- 
ported [15]. The reaction of 27 with 2.2 equiv. of s-BuLi in the presence of 
0.2 equiv. of (-)-l gave the [2,3]-product 28 in 48% ee, whereas a rearrangement 
using 2.2 equiv. of (-)-l provided the alcohol 28 in 60% ee [Eq. (10)]. A similar 
rearrangement of a racemic a-deuterated ether 27-d was found to afford 60% 
yield of 28-d (>98% D-content) with significantly decreased enantioselectivity 
(35% ee) [Eq. (14)]. This result suggests that the enantioselectivity is predomi- 
nantly determined at the lithiation step. 




27 



n-BuLi / H-1 
pentane, -95 °C 

(2.2 eq./ 2.2 eq.) 
(2.2 eq./0.2 eq.) 




44% (48% ee) 




n-BuLi/(-)-1 
(1.3 eq. / 1.5 eq.) 




(10) 



29 



toluene, -78 °C 



sy^-{^ S, 2fJ)-30 
37% (42% ee) 



( 11 ) 
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n-BuLi / H-1 
(1 .1 eq. / 1.5 eq.) 



toluene, -78 °C 



(+)-32 

90% (46% ee) 




( 12 ) 




n-BuLi / (-)-l 
(2.2 eq./2.2 eq.) 



toluene, -78 °C 



R - n-C7Hi5 



CH2N2 

EtjO" 



HO^COjMe 



(S)-34 

35% (48% ee) 



(13) 




rac-27-d (S)-28-d 



60%, >98% D 
(35% ee) 



(14) 



The norpseudoephedrine-derived amino ether 35 was also used as a chiral 
coordinating agent for the enantioselective [2,3]-Wittig rearrangement [19]. 
The rearrangement of propargyl ether 36 induced by n-BuLi/35 provided allenyl 
alcohol (S)-37 in 62% ee [Eq. (15)]. In contrast, a similar reaction with (-)-l pro- 
vided (S)-37 in only 9% ee. 






' / 
MeO 



35 



(15) 



Chiral bis(oxazoline) 5 is an effective chiral coordinating agent for enantio- 
control in the [2,3] -Wittig rearrangement. The rearrangement of (Z)-crotyl ben- 
zyl ether 38 with f-BuLi/(S,S)-5 (1.5 equiv. each) in hexane provided [2,3]-shift 
product (li?,2S)-39 in 40% ee [Eq. (16)] [20]. The feasibility of the asymmetric 
catalytic version was also examined. In ether, the rearrangement with 20 mol % 
of 5 was found to provide the same level of enantioselectivity as when using 
150 mol % (34% ee). 
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f-BuLi/(S,S)-5 
-78 °C 




38 syn-(1fl,2S)-39 (16) 

(1 .5 eq. / 1 .5 eq.), hexane 89% syn (40% ee) 

(1 .5 eq. / 1 .5 eq,), ether 89% syn (34% ee) 

(1 .5 eq. / 0,2 eq,), ether 89% syn (34% ee) 

A similar rearrangement of racemic a-deuterated ether 38-d afforded 70% 
yield of 59-d (98% D-content) with significantly decreased enantioselectivity 
(14% ee) [Eq. (17)]. This result suggests that the enantioselectivity may be de- 
termined substantially at the lithiation step, since the enantioselectivity should 
be the same as observed with the non-deuterated substrate, if determined at the 
post-lithiation step. 



1 ^ 

o 


f-BuLi / (S,S)-5 






Ph 


hexane, -78 °C 


HO'lPh 


(17) 


rao-38-d 




syn-(1R,2S)-39 
70%, 98% D 
(86% syn, 14% ee) 





It is noteworthy that the rearrangement of crotyl propargyl ether 40 with t- 
BuLi/(S,S)-5 at -95°C (carried out in pentane) provided [2,3] -shift product 41 in 
high enantiopurity (89% ee, 47% yield) with high (>95%) anfz-selectivity 
[Eq.(18)]. 




hexane, -78 °C 90% (93% anti, 75% ee) 
pentane, -95 °C 47% (>95% anti, 89% ee) 



(18) 



1.3.3 

Tabular Survey 



The enantioselective [2,3]-Wittig rearrangements of acyclic substrates are 
grouped by substrate structure in Table 3. 

1.4 

[1,4]-Wittig Rearrangement 



The Wittig rearrangement of allyl alkyl ethers has been shown to lead to a mix- 
ture of alcohols and aldehydes arising from 1,2- and 1 ,4-migration of alkyl group 
[Eq. (19)] [2b, 21]. The 1,4-migration, namely [1,4]-Wittig rearrangement, is 
formally a symmetry-allowed concerted processes. However, detailed mecha- 
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Table 3. Enantioselective [2,3]-Wittig rearrangements of acyclic substrate 



migrating 

terminus 


substrate 


reagent, 

conditions 


product(s) 

yield (%), stereopurity 


ref. 


LI 

0-C-Ar 












H 


Ph 




HO''"^Ph 


HO' Ph 








(1R, 2S) 


{^R,2R} 






(£) 


n-BuLi / 35, 
toluene, -78 °C 


31 (16% ee) 


17(12%ee) 


[19] 




(Z) 


r>-BuU / 35, 
toluene, -78 “C 


45 (64% ee) 


5 (80% ee) 


[19] 




(Z) 


t-BuLi/5, 
hexane, -78 °C 


89 (40% ee) 


11 (-) 


[20] 




IZ) 


t-BuLi / 5 cat. 
ether, -78 °C 


89 (34% ee) 


11 (-) 


[20] 




n-BuLi / 35, 
toluene, -78 °C 
n-BuLi/1, 
toluene, -78 °C 



n-BuLi/1, 
pentane, -78 "C 
n-BuLI/1, 
pentane, -95 “C 
n-BuLi / 1 cat. 
pentane, -95 °C 





n-BuLi / 1 , 
pentane, -95 °C 




68 (40% ee) 
70(19%ee) 




83 (60% ee) 
44 (48% ee) 




[19] 

[18] 



[15] 

[15] 

[15] 



[15] 




r 1=H, R^=R®=Me 
R^=Me, R^=R^=H 
R'=R^=H, R^=Me 
r'=r2=h, r3=Mb 




80 (96% ee) 


[13] 


82 (84% ee) 


[13] 


33(91%ee) 


[13] 


82 (95% syn, 96% ee) 


[13] 


24 (50% syn, 90% ee) 


[13] 



21, LiCI, 

THF, -78 ^ 50 °C 
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Tables, (continued) 








V' 0 


0^0 




HO Ph 






(E) 


n-BuLi/1, 
toluene, -78 °C 


(1H, 2S) 

36 (90% syn, 28% ee) 


[16] 




(2) 




37 (>99% syn, 42% ee) 


[16] 



'r' S 

/) 

H N-^ 




R=H 



R=Ph 



n-BuLi/1, 
toluene, -78 °C 










90 (46% ee) 


[17] 


79 (50% ee) 


[17] 




n-BuLi/1, 
toluene, -78 °C 







[17] 



Ar = Ph, R = H 

Ar = 2-MeOCsH4, R = Me 



90 (44% ee) 
83 (40% ee) 



LI 

0-C-C02H(LI) 

H 

R=n-C 7 Hi 5 n-BuLi/1, 35 (48% ee) [18] 

toluene, -78 °C 

R=iso-Bu 36(40%ee) [18] 

44(42%ee) [18] 




R=lso-Pr 
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Tables, (continued) 




Y 



(£),Y=TMS s-BuLi/1, 

hexane, -78 °C 

s-BuLi/24, 
hexane, -78 °C 

f-BuLi / 5, 
hexane, -78 °C 

(2), Y=TMS s-BuLi / 1 , 

hexane, -78 °C 

s-BuLi / 24, 
hexane, -78 °C 

f-BuLi / 5, 
hexane, -78 °C 

(£), Y=Me /-BuLi / 5, 

hexane, -78 °C 

t-BuLi / 5, 
hexane, -95 °C 

s-BuLi/1, 
hexane, -78 °C 

(2), Y=Me f-BuLi / 5, 

hexane, -78 °C 




TMS 

S-BuLi / 1 , 
hexane, -78 °C 

s-BuLi / 24, 
hexane, -78 °C 

t-BuLi / 5, 
hexane, -78 °C 




n-BuLi / 35, 

R = ohex toluene, -78 °C 

n-BuLi/1, 
toluene, -78 °C 
t-BuLI / 5, 
pentane, -78 °C 




dr = 82:18 

[16%ee(3R, 4S)] [11% ee (3R, 4R)] [14] 

dr = 77:23 

[29% ee (3R, 4S)] [31 % ee (3R, 4R)] [1 4] 

dr = 80:20 

[32% ee (3S, 4R)] [„.] [20] 

dr =92:8 

[24% ee (3R, 4S)] [-] [14] 

dr = 100:0 

[42%ee(3R,4S)] [...j [14] 

dr = 95:5 

[45% ee (3S, 4R)] [...] [20] 

dr =7:93 

[— ] [75% ee (3S, 4S)] [20] 

dr = <5:>95 

M [89% ee (3S, 4S)] 

dr = 32:68 

[--] [2% ee (3R, 4S)] 

dr =94:6 

[39% ee (3S, 4R)] [— ] [20] 




dr = 38:62 

[12% ee (3R, 4fi)] [2% ee (3R, 4S)] [14] 

dr = 74:26 

[71% ee (3R, 4R)] [2% ee (3R, 4R)] [1 4] 

dr = 45:55 

[12% ee (3S, 4S)] [2% ee (3S, 4R)] [20] 




51 (62% ee) 


[19] 


23 (9% ee) 


[19] 


44 [67% ee (R)] 


[20] 
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nistic studies suggest that this class of rearrangement proceeds via a non-con- 
certed radical process [22]. 




Synthetic applications of the [1,4]-Wittig rearrangement have been rather 
limited, because of the low yields and restricted range of substrates. However, re- 
cently a novel and synthetically useful rearrangement system has been devel- 
oped. The key to success is the choice of an ethynylvinylmethanol-derived mi- 
grating terminus [Eq. (20)] [23]. The first enantioselective version was also ac- 
complished with this class of substrates. For example, the rearrangement of 
ether rac-42 with f-BuLi-bis(oxazoline) 5 afforded ketone 43 in 48% ee [Eq. (21)] 
[24] . Furthermore, the sequential [ 1 ,4] -Wittig rearrangement-aldol reaction has 
been shown to provide moderate diastereo- and enantioselectivity for the prod- 
uct (3-hydroxy ketone 44. 





(-BuLi / (S,S)-5 
(1.3 eq./1.6 eq.) 



hexane, -78 °C 





rac-42 E+=H 30 * 43 (R = H) 

67% (63% dr, 48% ee) 
E*=HCHO 44 (R = CHjOH) 

50% (69% dr, 50% ee) 



(20) 



( 21 ) 



2 

Retro-Brook Rearrangement 

The reverse process of a Brook rearrangement, the O- to C-trialkylsilyl group 
shift from a silyl ether to a carbanion terminus, is well-known and has been in- 
tensively studied [Eq. (22)] [25]. 
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Li 




[1 ,2]-retro-Brook 



RjSi 

LiO'^R' 



( 22 ) 




[1,4]-retro-Brook 




This rearrangement is sometimes referred to as the silyl-Wittig rearrangement. 
Mechanistic studies on the retro-Brook rearrangement have revealed that the 
process is highly stereospecific with regard to the configuration at the migrating 
terminus. Therefore, enantiocontrol in a retro-Brook rearrangement should be 
possible with the chiral coordinating agent protocol. In practice, the enantioselec- 
tive version of a retro-Brook rearrangement was accomplished as the subsequent 
reaction of enantioselective cyclocarbolithiation [Eq. (23)] [26]. The cyclisation 
precursor 45 was treated with s-BuLi/(-)-l in ether at -78°C to -40°C, providing 
the cyclised and silyl-rearranged product (R,R,R)-46 in 58% yield as a single ster- 
eoisomer along with the cyclisation/l,3-cycloelimination product 47 (9%). 




(23) 



The stereoselective formation of 46 reveals that: 

1 ) the chiral base abstracts the pro-S-proton in 45 to give the lithiated carbamate 
48 (Scheme 6), which undergoes the 5-exo-trig ring closure with retention of 
configuration at the Li-bearing carbanion centre in a syn-fashion; 




Scheme 6. 
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2) the resulting configurationally labile benzylic anions are epimerised to the 
thermodynamically stable stereoisomer 49; 

3) the intermediate 49 can easily form the complex 50 bearing a pentacoordinat- 
ed Si-centre with retention of the configuration at the benzylic position; 

4) the complex 50 then furnishes the lithium phenoxide which is subsequently 
converted to 46 by hydrolysis. 



3 

Phosphate-Phosphonate Rearrangement 

Phosphate-derived a-oxy carbanions can rearrange into a-hydroxy phospho- 
nates. This class of rearrangement is known to proceed with retention of config- 
uration at the carbanion terminus [27], The enantioselective version of this re- 
arrangement has been developed using a chiral lithium amide as base [Eq. (24)] 
[28]. The reaction of benzyl dimethyl phosphate 51 with amide {R,R)-ll in THE 
gave the hydroxy phosphonate {R)-52 in 30% yield, and in enantio enriched 
form (52% optical purity). In contrast, when s-BuLi/(-)-l was used as a base in 
ether at -78 °C, the enantiopurity of the phosphonate 52 was very low (8% opti- 
cal purity, 65% yield). 

^ 0 

{afl)-11 (1.5eq.) 

MeO' "O'^Ph ^ 

THF, -78 °C 

51 



MeO^p-,0 

MeO"; 

HO"^Ph 



(fi)-52 

30% 

(52% optical purity) 



(24) 



4 

Lithiated Epoxide Rearrangements 
4.1 

Introduction to Lithiated Epoxide Rearrangements 

In the second half of this chapter the enantioselective generation and reactivity 
of a-lithiated epoxides 53 (also named oxiranyl anions) is reviewed; such orga- 
nolithiums are reactive intermediates in which the anion is carried by the ox- 
irane, as shown in Eig. 1 . After a short introduction the different reactivities that 
such intermediates can exhibit, which depend on the other substituents of the 
oxirane and, of course, on the reaction conditions, will be discussed [29, 30]. 

Epoxides are widely utilised as versatile synthetic intermediates, and the 
epoxide functional group is also present in a number of interesting natural prod- 

53: 

a-lithiated epoxide 



Fig.1. 
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ucts [31]. In basic media epoxides exhibit a wide range of reactivity, undergoing 
nucleophilic ring openings to give functionalised alcohols 54 [32,33], as well as 
a-deprotonation and (3 -eliminations (Scheme 7). 



HO 



* M 



Nu 



54 




Base: 

a-deprotonation 



Base: 



p-elimination 





53 



Scheme 7. 



Reaction of a lithium amide with an epoxide bearing an available (3 -hydrogen 
often results in (3 -elimination giving an allylic alcohol [34]. This elimination is 
normally thought to occur via a syn pathway through formation of a 1 : 1 epox- 
ide-base complex 55, which results in a six-membered transition state (shown 
for cyclohexene oxide in Scheme 8). While this picture can be a useful aid in un- 
derstanding the (enantio)selectivity of the elimination, in reality there are likely 
more complex aggregates from which reaction may also proceed. The participa- 
tion of allylic alkoxides 56 generated during the reaction may further complicate 
the simple picture [35, 36]. The application of epoxide |3-elimination to the de- 
symmetrisation of meso-epoxides is well developed [37], and remains an active 
field of study [38-40]. However, this reactivity mode of epoxides, not proceeding 
via an organometallic, lies beyond the scope of the current chapter. 



Scheme 8. 



r%-N.-Li 

fb 




55 



56 



Although the (3-elimination of epoxides is a well-described process, due to the 
electron-withdrawing effect of the oxygen and the acidifying effect of the three- 
membered ring, the deprotonation can also occur at the a-position. Over half a 
century ago Cope and Tiffany invoked an a-deprotonation pathway to explain 
the rearrangement of cyclooctatetraene oxide to 2,4,6-cyclooctatrien-l-one 
[41]. Subsequently, there have been numerous studies concerning a-lithiation of 
epoxides, and it is now known that such lithiated epoxides can undergo a range 
of transformations (as outlined below). 
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For an epoxide bearing an a-anion stabilising group (e.g., ester, phenyl), a- 
deprotonation (rather than (3-elimination) is the preferred pathway when using 
lithium amides. In the absence of such a stabilising group, the lithium amide and 
the epoxide are in equilibrium with the lithiated epoxide and the amine [34, 38, 
42]; this usually results in (irreversible) P-elimination, if it is possible, dominat- 
ing the reaction profile. For the latter epoxides a-deprotonation is also the fa- 
voured (usually exclusive) reaction pathway in the presence of a strong organo- 
lithium base, such as an alkyllithium, but under these conditions the deprotona- 
tion is not reversible. Once an a-lithiated epoxide is generated, its stability is an 
issue. In the presence of an anion-stabilising group it can classically react as a 
nucleophile [43]. Otherwise it can exhibit carbenoid reactivity [44]; reactivity 
via an a-lithiooxy carbene 57, generated by a-ring opening, can also be invoked 
(Fig. 2). 



a-ring 




opening 
Li ~ 




S3: lithiated 57 : a-lithiooxy 

epoxide carbene 



Fig. 2. 



Due to their carbenoid properties lithiated epoxides can undergo various C- 
H insertions and 1,2-hydride shifts as well as cyclopropanations (Scheme 9, 
Path A); a free a-lithiooxy carbene may be involved in some of these transfor- 
mations. Interestingly, the observation of an allylic alcohol as the outcome of a 






I a-lithiation 

u 




reductive 

alkylation 



OLi 



Cx Cf 

^^OLi ^^^OLi 



1,2-hydride 

shift 



'OLi 
C-H insertion 
C=C insertion 



PC-H 

insertion 



Scheme 9. 
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base-induced epoxide rearrangement maybe due to an a-deprotonation and/or 
a (3 -elimination process. Morgan and Gronert have shown that the structural 
features of the epoxide can have a significant influence on which reaction path- 
way is followed [45] Collum and Ramirez suggested that the structures of the or- 
ganolithium aggregates are also of major importance [46]. 

While they are negatively charged, the ring strain of the three-membered het- 
erocycle is still an important feature of the lithiated epoxide. That, combined 
with the weakening of the bond between the carbon bearing the charge and the 
oxygen, due to its greater polarisation, makes lithiated epoxides very elec- 
trophilic species [44]. Their reactions with (usually strong) nucleophiles can 
then lead to alkenes via a “reductive alkylation” pathway (Scheme 9, Path B). 

Finally, lithiated epoxides are potentially nucleophilic reagents, and they can 
therefore react with electrophiles, under specific conditions (Scheme 9, Path C). 

The different reactivities outlined in Scheme 9 only hint at the very exciting 
chemistry of lithiated epoxides and suggest a potentially wide range of applica- 
tions in synthesis. 

4.2 

The Carbenoid Chemistry of Lithiated Epoxides: C-H Insertion and 1,2-Shifts 

Although they are sometimes utilised for their nucleophilic properties, as out- 
lined above lithiated epoxides are carbenoid species, and they are well known to 
react through C-H and C=C insertion or 1,2-shift processes. Following his early 
studies on cyclooctatetraene oxide. Cope extended his work to stilbene deriva- 
tives 58 and 60 (Scheme 10) [47]. The ketone 59 and aldehyde 61 were derived 
from (formal) 1,2-shift of the group (either H or phenyl, respectively) cis to lith- 
ium on the lithiated epoxide. 



0 

P\r ^Ph 
58 



LiNEtj 

EtjO 

A 



Ph 



0 

59 : 70 % 



Ph' 






,Ph 



60 



LiNEt2 

EtzO 

A 



>-CHO 

Ph 

61 : 66 % 



Scheme 10. 

Contemporaneously, Cope also reported the first examples of base-induced 
transannular rearrangements (C-H insertion) of medium-sized cycloalkene ox- 
ides 62 and 64 (Scheme 11) [48]. These transformations could proceed via a 
carbenoid species (the lithiated epoxide) and/or an a-alkoxy carbene (such as 57 
in Fig. 2). 

The most recent developments in the above area mainly concern enantiose- 
lective variants of these reactions (vide infra). The asymmetric version of 
transannular C-H insertions from enantioenriched lithiated epoxides has been 
extensively studied in the Hodgson laboratory over the last six years. In these 
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63: 69% 




LiNEtj 

EtjO 

A 




65:55-60% 66:10-15% 67:32% 



Scheme 11. 



cases, asymmetric induction arises from enantioselectivity in the a-deprotona- 
tion, i.e., the enantioselective generation of an intermediate lithiated epoxide. 
The enantioselective a-deprotonation of the epoxide is likely kinetically control- 
led via diastereomeric transition states (Fig. 3, R* being chiral, non-racemic). 



Fig. 3. 





X = CH2, CHR', NR' 



4.2.1 

Transannular C-H Insertion 

ds-Cyclooctene oxide 62, used by Cope et al. to carry out the lithium amide-in- 
duced rearrangement shown in Scheme 1 1, is a meso-epoxide; the a-deprotona- 
tion prior to rearrangement therefore breaks the symmetry. If this a-deprotona- 
tion is carried out with differentiation of the two enantiotopic protons, an enan- 
tioselective rearrangement of the epoxide will occur. However, the chiral lithium 
amide (S,S)-11 [Eq. (7)] only induces lowee (10%), in the rearrangement of cis- 
cyclooctene oxide [49]. 

The same rearrangement (62 to 63, Scheme 1 1 ) was carried out with an alkyl- 
lithium in ether by Boeckmann in 1977 [50] ; it was therefore of interest to study 
this rearrangement using a combination of an organolithium with a chiral di- 
amine such as (-)-sparteine 1 [Eq. (2)] [51]. Secondary alkyllithiums together 
with 1 were found to be the most efficient organolithiums both in terms of yield 
and ee [52]. Using s-BuLi with cyclooctene oxide 62 at -98°C allowed the isola- 
tion of the isomeric bicyclic alcohol 63 (Scheme 1 1 ) in 79% yield and 70% ee; us- 
ing i-PrLi yielded 74% of 11 in 83% ee. As previously observed [53], the combi- 
nation of f-BuLi and (-)-sparteine 1 proved inefficient in terms of asymmetric 
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induction. Ether proved to be the preferred solvent. Finally, sub-stoichiometric 
amounts of (-)-sparteine still allowed the reaction to proceed, although not to 
completion and with lower ee. Nevertheless, this indicates the potential for 
asymmetric catalysis. The scope of the enantioselective rearrangement included 
other medium-sized cycloalkene oxides, such as cyclononene oxide 68 and cy- 
clodecene oxide 70 (Scheme 12). 



68 



/-PrLi 

(-)-sparteine 



EtjO, -98 °C 




H 

69: 77% y 
83% ee 



/-PrLi 

(-)-sparteine 

EtsO, -98 “C 
70 





H 

71 : 97% y 
77% ee 



Scheme 12. 



As only (-)-sparteine is readily available, extension of this asymmetric meth- 
odology to other chiral ligands was investigated [54]. Bisoxazoline ligands are 
particularly attractive, since both enantiomers are normally available. In the 
transannular desymmetrisation chemistry the valine-derived bisoxazoline pos- 
sessing a diisobutyl-substituted bridge (S,S)-5 [Eq. (3)] was found to be the most 
promising in this class of ligands. Moving from isopropyl to more sterically de- 
manding substituents at C-4 resulted in a significant erosion of both yield and 
ee. The diethyl-substituted bridge C-4 isopropyl-bisoxazoline was slightly less 
effective at performing the transformation. In contrast to (-)-sparteine 1, the 
best ee with ligand (S,S)-5 was obtained with s-BuLi (66% ee of ent-63 from cy- 
clooctene oxide). 

Similarly to the bisoxazolines, (-)-a-isosparteine 24, a diastereomer of (-)- 
sparteine, possesses C 2 symmetry (Scheme 13). No general trend in the efficien- 
cy of organolithium-mediated transformations with (-)-a-isosparteine 24 com- 
pared with (-)-sparteine 1 can be discerned from the literature, (-)-a-iso- 
sparteine being sometimes less [55, 56], sometime more efficient [57, 58]. In the 
a-deprotonation of meso-epoxides, the efficiency of (-)-a-isosparteine proved 
to be substrate dependent. Whereas it gave a similar ee to sparteine for 63 in the 
reaction of cyclooctene oxide 62 (81 %),in the rearrangement of cyclodecene ox- 
ide 70 the use of (-)-a-isosparteine proved less efficient [38% ee, vs. 51 % ee for 
71 with (-)-sparteine, under otherwise identical conditions]. Interestingly, with 
cyclooctene oxide the use of sub-stoichiometric amounts of (-)-a-isosparteine 
resulted in an increase of ee for 63, the best results being obtained with 0.2 equiv. 
of this diamine (86% yield, 84% ee). This apparently surprising result may be 
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Scheme 13. 



due to a better homogeneity of the solution when using sub-stoichiometric (-)- 
a-isosparteine. Moreover, the more sterically demanding complex 73 (com- 
pared with 72, Scheme 13) may aid dissociation of the lithium alkoxide initially 
arising from the rearrangement, thus promoting catalysis. 

The effect of added BF3-Et20 in the presence the base was recently investigat- 
ed by Alexakis [59]. In comparison to the results above (from 62 to 63), the ad- 
dition of the Lewis acid had a tremendous accelerating effect, together with an 
erosion of the best ee obtained in the earlier work with s-BuLi (from 77% to 
6 1 %). Both the rate enhancement and the erosion of ee could be explained by the 
coordination of the Lewis acid to the oxygen of the epoxide, since this complex- 
ation could favour the deprotonation by weakening the C-0 bonds and making 
the a-protons more acidic by increasing the electron-withdrawing effect of the 
oxygen. Therefore, both the chiral alkyllithium-diamine complex and ligand- 
free secondary alkyllithium could competitively perform the deprotonation, 
leading to an overall decrease in the enantiotopic proton selection. However, 
when compared with the same earlier work an improvement in both yield and 
ee was observed when n-BuLi was used (98% yield in 48% ee, compared with 
74% yield in 31 % ee). When phenyllithium is used a significant amount of nu- 
cleophilic ring opening is observed [60], presumably as a result of both the lower 
basicity of phenyllithium (making it relatively more nucleophilic than basic) to- 
gether with the BF 3 Et20 activation of the epoxide. Use of BF3-Et20 as an additive 
with cyclooctadiene oxide 74 yielded the corresponding unsaturated bicyclic al- 
cohol 75 [Eq. (25)]. 

s-BuLi 

(-)-sparteine ^ 

BFa'EtjO \ L (25) 

EtjO, -90 °C OH 

75: 75% 

71% ee 

In order to broaden the scope of asymmetric transannular rearrangement, 
functionalised raeso-epoxides derived from medium-sized cycloalkenes have 
been studied. Protected diol derivatives of cyclooctadiene oxide were used as the 
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substrates; variations in the substitution pattern in the cyclooctene oxide ring 
resulted in differing product outcomes. Substitution by f-butyldimethylsilyloxy 
groups at the 5- and 6-positions, as in 76, proved effective in this rearrangement 
[Eq. (26)] [61, 62]. In this case a mixture of bicyclic alcohol 77 from transannular 
rearrangement, alkene 78 from reductive alkylation and ketone 79 from 1,2 -hy- 
dride shift was obtained, the ratio being dependent on the reaction conditions, 
but usually favouring the bicyclic alcohol 77. 




76 77:12-72% 78:0-40% 79:0-20% 

32-89% ee 



The use of s-BuLi and (-)-sparteine at -78°C in the rearrangement of 76 yield- 
ed 51 % of the bicyclic alcohol 77 in 73% ee. This ee is close to the 70% obtained 
in the unsubstituted system 62 and suggests that the slow interconversion be- 
tween the two main (enantiomeric) conformers 76a and 76b [Eq. (27)] of the 
disubstituted epoxide 76 (NMR analysis clearly indicates that this compound ex- 
hibits a lack of conformational mobility) does not affect the enantioselectivity of 
the deprotonation-rearrangement. This observation could be explained by the 
relatively unchanged environment in the approach of the s-BuLi/(-)-sparteine 
complex to the rigid epoxide fragment in either cyclooctene oxide 62 or the sub- 
stituted cyclooctene oxide 76. Similar to cyclooctene oxide, it was found with the 
substituted cyclooctene oxide that i-PrLi/(-)-a-isosparteine gave the best yield 
of the desired bicyclic alcohol 77 (72%), and also the best ee (89%) in Et20 at - 
98°C. The use of a bisoxazoline (S,S)-5 [Eq. (3)] allowed access to ent-71 in mod- 
erate ee (52%). 

o otbs 

(27) 

H H 

76a 76b 

The effect of different substitution on this transannular rearrangement was 
further studied on a range of disubstituted cyclooctene oxides. ds-4,7-Di(t- 
butyldimethylsilyloxy)-cyclooctene oxide 80 yielded a mixture of bicyclic alco- 
hol 81, and alkene 82 arising from reductive alkylation [Eq. (28)] [61, 62]. 




TBSO 



ligand 

EtjO 



80 



81:3 



(28) 



The yield of the bicyclic alcohol 81 was dependent on the ligand used. Indeed, 
in the absence of ligand, the reaction carried out with s-BuLi at -78°C only gave 
a low isolated yield of 81 (30 %). The addition of (-)-sparteine raised it to around 
50% (72% ee); the use of i-PrLi allowing a slight improvement in both yield 
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(54%) and ee (80%). As observed in the earlier systems, the best ee (up to 84%) 
was obtained when the reaction was carried out at -98 °C. It is also noteworthy 
that the lower temperature allowed a better isolated yield (up to 70%). In con- 
trast with the earlier systems, the use of (-)-a-isosparteine did not give a better 
ee (82%), and the yield of 81 (48%) was only moderate with this ligand. 

In contrast to above, the trans-isomer 83 mainly yielded the corresponding 
bicyclic alcohol 84, and the allylic alcohol 85 from P-elimination (or a-deproto- 
nation followed by 1,2 -hydrogen shift) [Eq. (29)]. 



TBSQ 

RLi 

0 — - 
ligand 
EtjO 

TBSd 

83 




OH 



TBSO" 



OTBS 



84 : 0 - 65 % 



TBSQ 




TBSQ 

85 : 10 - 70 % 



(29) 



Here again the ligand exhibited a considerable effect on the deprotonation-re- 
arrangement chemistry. In the absence of ligand, the major product was the al- 
lylic alcohol 85 (36%), the bicyclic alcohol 84 being only a minor product (7%) 
of the reaction. In presence of TMEDA 70% of allylic alcohol 85 was obtained, 
with no bicyclic alcohol 84 detected. The same observation was made in the pres- 
ence of bisoxazoline (S,S)-5 [Eq. (3)], albeit in reduced yield (34%). Using (-)- 
sparteine with i-PrLi or s-BuLi at -78°C yielded a 45:55 mixture of the two alco- 
hols in favour of allylic alcohol 85 with similar ee (62 to 71 %). Moving to (-)-a- 
isosparteine with s-BuLi reversed the product profile. Interestingly, in the latter 
case the ee of the bicyclic alcohol 84 and the allylic alcohol 85 were significantly 
different (84 and 60%, respectively), likely implying different mechanisms; yet 
the ee did not significantly change upon moving from s-BuLi to z-PrLi. In the 
presence of (-)-a-isosparteine even the alkyllithium has a strong effect on the re- 
action conversion and ratio 84:85 (s-BuLi: 75% and 87:13; z-PrLi: 44% and 72:28). 

Proton removal at the H-epoxide stereocentre is consistently seen in the enan- 
tioselective a-deprotonation-rearrangement of epoxides using the sparteines; 
this enantioselectivity maybe explained by considering a sparteine-RLi-epoxide 
complex 86, where the C-H bond on the epoxide R stereocentre is held closer to 
the organolithium than the S stereocentre, minimising non-bonded interactions 
between sparteine and the epoxide (Scheme 14). 




Scheme 14. 




Enantioselective Synthesis by Lithiation Adjacent to Oxygen and Subsequent Rearrangement 



243 




90 89: 54%, 88 

89% ee 



Scheme 15. 



The enantioselective transannular desymmetrisation chemistry has also 
been applied to an azacyclononene oxide 87 (Scheme 15) [62, 63]. 

The above results are consistent with formation of an intermediate lithiated 
epoxide which rearranges via an ammonium ylide 88 (Scheme 15). The ketone 
90 then arises from addition of the organolithium (present in excess) to the ester 
89 (OH=OLi). Using z-PrLi in combination with (-)-sparteine at -98°C yielded 
54% of the ester-subsituted indolizidine 89 in 89% ee. A sub-stoichiometric 
amount of (-)-sparteine (24%) also allowed conversion to proceed to 89 with 
high ee (82%), albeit at lower rate. Similarly, a sub-stoichiometric amount of (- 
)-a-isosparteine (24 mol %) proved to be as good as the stoichiometric combi- 
nation of (-)-sparteine and z-PrLi. 

Transannular rearrangements of lithiated epoxides are not restricted to me- 
dium ring systems. exo-Norbornene oxide 91 undergoes a similar rearrange- 
ment using an organolithium or a lithium amide, yielding nortricyclanol 92 
(Scheme 16) [49,64]. 




91 92: 73%, 

up to 52% ee 



Scheme 16. 



In the above case no p -elimination can occur. Reversibility observed during 
the a-deprotonation of such an epoxide with a lithium amide (vide supra) might 
result in lowering the ee when using a chiral lithium amide, since reversible de- 
protonation could compromise the kinetic control in enantioselective deproto- 
nation. Nevertheless deprotonation of exo-norbornene oxide 91 with lithium 
(S,S)-bis(l-phenyl)ethylamide 11 [Eq. (7)] gave tricyclanol 92 in good yield 
(73%) and moderate ee (49%) (Scheme 16). When the rearrangement of exo- 
norbornene oxide 91 is carried out with s-BuLi in pentane from -78°C to room 




244 



David M. Hodgson, Katsuhiko Tomooka, Emmanuel Gras 



temperature in the presence of (-)-sparteine, the ee is only slightly improved 
(52 %), the yield being similar. 

The scope of this kind of rearrangement of bicyclic alkene oxides has also 
been extended to heterobicyclic compounds. The asymmetric rearrangement of 
N-Boc 7-azanorbornene oxide 93 yields azanortricyclanol 94 in good yield and 
ee [Eq. (30)] [65]. 



Boo 

N 


MeO — ^ ^ — Li 


Boc 

N 






(-)-sparteine 


^o„ 


(30) 


EtjO, -78 °C 




93 




94: 60%, 
77% ee 





In this case, the use of chiral lithium amides proved to be unsuccessful (lithi- 
um amide 11, Fig. 4, gave alcohol 94 in only 20% yield and 9% ee) but using an 
aryllithium in combination with (-)-sparteine gave both an improvement in 
yield (up to 61%) and ee (up to 77%). The use of the diisobutyl-substituted va- 
line-derived bisoxazoline (S,S)-5 [Eq. (3)] in combination with PhLi gave a sig- 
nificant improvement in the ee (up to 87 %) of ent-94, albeit with slightly lower 
yields (up to 51 %). This methodology has recently been combined with a sub- 
sequent radical rearrangement to achieve the syntheses of epibatidine analogues 
[66, 67]. 

4.2.2 

Transannular Rearrangement Versus 1,2-Hydride Shift 

Both the rearrangements and 1,2 -shifts of hydrogens on bicyclic systems shown 
in Scheme 17 have also been carried out enantioselectively [49, 68]. 

However, using either lithium (S,S)-bis(l-phenyl)ethylamide 11 [Eq. (7)] 
and/or the chiral, non-racemic bislithium bisamide ent-2l [Eq. (8)] only led to 
moderate yields and ees. Interestingly, the reaction of bicyclo [2.2.2] octadiene 
oxide 97 with these enantio enriched bases now preferentially proceeds via a 1,2- 
shift of hydrogen yielding the corresponding ketone 99, which contrasts with the 
results obtained in the LDA-induced reaction. 

The above examples illustrate that a delicate balance of factors control the fate 
of the lithiated epoxides. 

4.2.3 

1,2-Hydride Shifts 

Formation of an enolate from a lithiated epoxide could occur by two mecha- 
nisms: a-ring opening (vide supra) followed by insertion of the carbene in the 
LiOC-H bond or electrocyclic P-ring opening (Scheme 18). There is some exper- 
imental support for both pathways [69, 70]. 

Deprotonation of meso-cycloheptene oxide diastereoisomers 100 and 102, 
possessing a pseudoasymmetric C-5 carbon, led to the enantiomeric ketones 
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99: 29% 



Scheme 17. 







Scheme 18. 
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TBSO' 



/ V '-PrLi 

,,/s rVo 

v / (-)-a-isosparteii 



-TBSO" 



102 



;-)-a-isosparteine 
EtjO, -98 ”C 



(R)-101:40%, 
87% ee 



Scheme 19. 



(S)- and (i?)-101, respectively (Scheme 19) [71]. Ketone (J?)-101 is a known in- 
termediate in the synthesis of (S)-physoperuvine. 

Deprotonation of 100 and 102 in presence of the sparteines could be assumed 
to occur at the i?-configured epoxide terminus (as observed in all medium ring 
systems, see Scheme 14); if this is the case, the above results indicate that the 
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base-induced rearrangement of epoxides 100 and 102 to ketones (S)- and (R)- 
101 proceeds solely by a-ring opening. 

4.3 

Electrophile Trapping of Lithiated Epoxides 

Although electrophile trapping of lithiated epoxides is clearly not a rearrange- 
ment process, it is included here to enable comparison with the other asymmet- 
ric processes of lithiated epoxides previously discussed in this chapter. The de- 
velopment of a-lithiated epoxides as nucleophiles has mainly relied on the pres- 
ence of anion-stabilising groups on the lithiated carbon. Starting with an enan- 
tioenriched epoxide usually leads to an enantioenriched subsituted epoxide (see 
examples below). Enantioselective generation and electrophile trapping of a 
lithiated epoxide is a recent development, covered toward the end of this section. 

4.3.1 

Lithiated Epoxides Bearing Anion-Stabiiising Groups 

It has recently been shown that an a-trifluoromethyl epoxide, (S)-103, can be de- 
protonated, the electron-withdrawing effect of the trifluoromethyl group pro- 
moting formation (and stabilisation) of the intermediate lithiated epoxide 104, 
which can subsequently be trapped with a range of electrophiles: carbonyl, 
triphenylsilyl, triphenyltin and methyl compounds (Scheme 20) [72]. Lithia- 
tion-substitution proceeds without loss of configuration. 



0 

Za^.cf3 


THF 


0 


-102 °C 
10 min. 


(S)-103 




104 



p 

Z\..cf3 

E = R^R^CH[OH], 



R 3 Si, RsSn, Me 

105: 

70-99% 



Scheme 20. 



An optically active silyl-stabilised lithiated epoxide has been used in the syn- 
thesis of (-i-)-cerulenin 111 (Scheme 21) [73]. Starting from the epoxysilane 107, 
obtained in high enantiomeric purity via Sharpless epoxidation of 106, deproto- 
nation by s-BuLi TMEDA was followed by electrophile trapping using (4E,7E)- 
nonadienal 109 to allow a concise preparation of 110, which is a key intermediate 
in the (-i-)-cerulenin synthesis. 

The first example of enantioselective deprotonation-electrophile trapping of 
a raeso-epoxide is shown inEq. (31) [37,74]. This reaction was favoured by both 
the stabilisation of the lithiated epoxide by the adjacent phenyl group, and the 
use of TMSCl as an internal electrophile. 



o 

Ph*^ ^Ph 



s-BuLi, (-)-sparteine 



MeaSi ^/ \ 
Ph*^^^Ph 
84%, 30% ee 



MeaSiCI {in situ) 
EtjO, -98 °C 



( 31 ) 




Enantioselective Synthesis by Lithiation Adjacent to Oxygen and Subsequent Rearrangement 



247 




106 



MeaSiO 

V 

EtO 107 



s-BuLi 

TMEDA 

EtjO 
-116 °C 





H 



O 




111: (+)-cerulenin 
26% overall yield 




EtO 



Scheme 21. 



Florio et al. have recently reported that benzylic deprotonation of optically 
active styrene oxides and subsequent trapping of the corresponding a-lithiated 
epoxides provides a stereospecific route to substituted styrene oxides [Eq. (32)] 
[75]. 



Ph 



,oO 

(S) 



s-BuLI 

TMEDA 



THF-98 °C 




(32) 



4.3.2 

Unstabilised and Destabilised Lithiated Epoxides 

Recently, hydrogen-metal exchange has proven to be useful for the preparation 
and electrophile trapping of non-stabilised (H -substituted) and destabilised 
lithiated epoxides. Treatment of terminal epoxides 112 with a diamine s-BuLi 
complex leads to the desired lithiated epoxides 113 (Scheme 22). Deprotonation 
was observed to occur at the methylene position, the proton abstracted being 
trans to the bulkiest substituent of the oxirane. The lithiated epoxide so gener- 
ated was stable enough to react with an external deuterium source or TMSCl in 
situ to give 114; other external electrophiles did not allow the trapping of the 
preformed anions [76]. 



R n 

rX? 



s-BuLI, 

diamine 



hexane 
-90 ”C 



,^KU-Li| 



E-^ 



■rXLe 

E = D, SIMeg 
114: 61-73% 



Scheme 22. 
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The above methodology nevertheless required the use of very specific di- 
amines containing the diazabicyclononane structural motif (shown in bold in 
Fig. 4). 




(-)-sparteine dibutyl-bispidine 




Fig. 4. 



Very recently, deprotonation-electrophile trapping of “simple” meso-epoxides 
was applied to medium-sized meso-cycloalkene oxides [77]. When cyclooctene 
oxide 62 is treated with s-BuLi in the presence of a diamine at -90 °C, the lithiated 
epoxide is stable enough to be trapped with a wide range of electrophiles, allow- 
ing the creation of carbon-heteroatom or carbon-carbon bonds [Eq. (33)]. The 
deprotonation is a symmetry-breaking step, and enantioselective deprotonation 
was successfully achieved in the presence of (-)-sparteine, leading to a range of 
enantioenriched functionalised epoxides 115 (in up to 86% ee). 



1) s- BuLi, diamine 
EtjO, -90 °C 

0 ► 

2) electrophile 



62: R = H 
76: R = OTBS 




E = IMS, SnBug, RiRjClOH], 
RC[0], ROC[0] 
115:45-80% 




(33) 



5 

Concluding Remarks 

The enantioselective Wittig and epoxide rearrangements have been widely ex- 
plored in the last few years. They are of interest since such processes can, in a 
single step, induce asymmetry and molecular complexity that would be difficult 
to generate otherwise. Advances in substrate scope, reaction efficiency and cat- 
alytic process constitute significant challenges for the future. 

Note added in proof. A total synthesis of (-)-xiEilenon A using bicyclic alcohol 77 [Eq. (26)] rep- 
resents the first application of enantioselective a-lithiation transannular C-H insertion of 
epoxides in natural product synthesis [78]. The first enantioselective generation - intermo- 
lecular nucleophile trapping of a lithium carbenoid has been described, via enantioselective 
a-deprotonation of the epoxides of oxa- and aza-bicyclic alkenes [e.g. 93 Eq. (30)] using alkyl- 
lithiums in the presence of (-)-sparteine or bisoxazoline 5 [Eq. (3)] [79]. Insertion of a second 
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equivalent of the organolithium into the lithiated epoxide, followed by elimination of the oxa- 

or aza-bridge leads to cyclic unsaturated diols and amino alcohols in a regio-, stereo- and 

enantiocontrolled fashion (up to 87% ee). 
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Enantioselective lithiation can be used to introduce and control new elements of planar or of 
axial chirality. The principal classes of compounds displaying these stereochemical features 
are ferrocenes, arenechromium tricarbonyl complexes, biaryls, atropisomeric amides and al- 
lenes. Methods for the enantioselective lithiation of these compound classes, relying on either 
substrate (chiral auxiliary) or reagent (chiral base) control will be reviewed. 
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1 

Generating Planar Chirality by Lithiation 

Planar chiral compounds usually (and for the purpose of this review, always) 
contain unsymmetrically substituted aromatic systems. Chirality arises because 
the otherwise enantiotopic faces of the aromatic ring are differentiated by the 
coordination to a metal atom - commonly iron (in the ferrocenes) or chromium 
(in the arenechromium tricarbonyl complexes). Withdrawal of electrons by the 
metal centre means that arene-metal complexes and metallocenes are more 
readily lithiated than their parent aromatic systems, and the stereochemical fea- 
tures associated with the planar chirality allow lithiation to be diastereoselective 
(if the starting material is chiral) or enantioselective (if only the product is chi- 
ral). 

1.1 

Planar Chirality in Ferrocenes 

Chiral ferrocenes form a class of powerful and useful chiral ligands, and a 
number of methods are available for their enantioselective synthesis. Ferrocenes 
are readily deprotonated by alkyllithiums (perhaps too readily - it is difficult, 
though possible, to control the monolithiation of ferrocene itself) and the intro- 
duction of a second substituent via directed metallation [ 1 ] is a simple and pow- 
erful way to make disubstituted ferrocenes with planar chirality from simple, 
achiral monosubstituted ferrocenes [2]. Chiral 1,2-disubstituted ferrocenes 1 for 
this reason are much more readily available than chiral 1,3-disubstituted fer- 
rocenes 2. Control of absolute planar stereochemistry during the lithiation of a 
monosubstituted ferrocene 3 may be achieved either by reagent control (using a 
chiral base to remove selectively only one of two enantiotopic protons and 
H® of 3 with a simple achiral substituent R) or by substrate control (starting with 
a ferrocene 3 lacking planar chirality but bearing a chiral substituent R, which 
directs a base towards removal of only one of two diastereotopic protons and 

H^^). 
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1 . 1.1 

Diastereoselective Lithiation ofChiraiFerrocenes 

Nozaki pioneered the investigation of both routes to enantiomerically pure fer- 
rocenes in the late 1960s [3], and after one early example of a diastereoselective 
acylation [4], most early attempts to control planar chirality made use of fer- 
rocenes bearing chiral and enantiomerically pure aminoalkyl substituents. The 
amino groups could readily be made by reductive amination or substitution; 
they also facilitated both resolution and lithiation, acting as metallation direct- 
ing groups [ 1 ] . Many ferrocenes used as chiral ligands (such as PPFA 4 and BPP- 
FA 5) retain these aminoalkyl substituents, and others (such as Josiphos or Xy- 
liphos) carry groups derived from them by simple substitution chemistry [5]. 
More recently, in the interests of versatility, fully removable auxiliaries have been 
used to direct diastereoselective lithiation, including those based on oxazolines, 
hydrazones, acetals and sulfoxides, each of which is discussed below. 

1 . 1 . 1.1 

Lithiation Directed by Aminoaikyi Groups 

In 1969 Nozaki and coworkers published the first diastereoselective lithiation of 
a ferrocene 6 (Scheme 1) [3]. Ugi improved [6] upon these reactions by shifting 
the stereo controlling influence closer to the ring [7, 8]. His lithiation of 9, which 
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achieved 96:4 diastereoselectivity over the new chiral plane, is under kinetic 
control, and is governed by the relative favourability of the transition state lead- 
ing to 10a, which keeps the a-methyl group clear of the lower portion of the fer- 
rocene sandwich (Scheme 2). 







BuLi, 

ether-hexane 



reflux 



9 




10a 96% 



1 . MesSiC I 

2. purify 



Fe ^^NMeg 



10b 4% 



NM 62 

Fe ^SiMe 3 



11a 66% 



Fe 
11b 3% 



SiMes 

NMej 



Scheme 2. 



The stereochemistry of the almost diastereoisomerically pure organolithium 
10 was proved by an X-ray crystal structure of its anisaldehyde adduct. Com- 
pound 10 reacts with a range of electrophiles, including, importantly, ClPPh 2 , 
which generates the ligand PPFA 4 after removal of a small amount of the minor 
diastereoisomer by recrystallisation [9]. Addition of a second equivalent of 
alkyllithium can be used to form a “dianion”, allowing a one-pot double func- 
tionalisation - reaction of 14 (R=Me), for example, gives the ligand BPPFA 5 
(Scheme 3) [9-14]. 

Despite the resolution which was required to produce the enantiomerically 
pure starting materials (which fortunately is highly efficient - recrystallisation 
of the mother liquors allows isolation of both enantiomers) [15],Ugi’s lithiation 
provided the basis for a rapid growth in the use of enantiomerically pure, planar 
chiral ferrocenes which has continued since. Several reviews [5] have covered 
applications of enantiomerically pure ferrocenes as chiral ligands, which until 
the 1990s were all made using Ugi’s method [16]. 

The diastereoselectivity of Ugi’s lithiation can be improved upon by replacing 
the methyl group a to nitrogen by isopropyl [17]. Complete (>99:1 selectivity ) 
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is observed in the lithiation of 12 (R=/-Pr). Attempts to lithiate compounds 12 
with even bigger a-substituents (and avoid the need for a resolution in the syn- 
thesis of the enantiomerically pure starting material) failed. 

The resolution required for the synthesis of 9 or 12 can be avoided by making 
them by asymmetric reduction [18] or by asymmetric alkylation of an aldehyde 
[19]. The amines 12 (R=Et or n-Bu) formed in this way are lithiated with dias- 
tereoselectivity similar to, or greater than, that achieved with 9. a-Ethyl- and a- 
butylphosphines 15 incidentally may show even higher selectivity than the more 
widely used a-methylphosphine ligand PPFA 4. 

1 . 1 . 1.2 

Lithiation Directed by Acetais 

Although much mileage has been made out of ligands which retain the stereo- 
genic centre of the aminoalkyl side-chain in compounds derived from 10 and 13, 
more versatile methods based on removable auxiliaries are clearly desirable. The 
first of these to be reported was Kagan’s use of the acetal 18 [20], made by con- 
densing aldehyde 17 with a malic acid-derived triol followed by 0-methylation 
(Scheme 4). Lithiation of 18 with f-BuLi in hexane-ether at -78°C (higher tem- 
peratures yield lower selectivities, though completion of the deprotonation at 
25 °C is necessary for good yields) gives organolithium 19 with complete diaster- 
eoselectivity, probably via a transition state involving chelation of Li by the OMe 
group [20, 21]. The reaction of this organolithium with electrophiles yields 
products such as 20 with >99:1 diastereoselectivity and in 80-90% yield. Acid 
hydrolysis allows clean removal of the diol auxiliary, allowing the synthesis of 
versatile formylferrocenes such as 21 of ee=95% with planar chirality only. 

Attempts to make C 2 -symmetric ferrocenes by double lithiation of a bis- 
acetal met with only limited success [22]. A second lithiation of the ferrocenyla- 
cetal 19 leads to functionalisation of the lower ring of the ferrocene, in contrast 
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with the second adjacent lithiation of the oxazolines described below. This can 
be used to advantage if, for example, the first-formed aldehyde 22 is protected in 
situ by addition of the lithiopiperazine 23 [23] , directing f-BuLi to the lower ring 
(Scheme 5) [24]. The same strategy can be used to introduce further functional- 
isation to products related to 24. For example, silane 25, produced in enantio- 
merically pure form by the method of Scheme 4, may be converted to the ferro- 
cenophane 26 by lithiopiperazine protection, lithiation and functionalisation 
(Scheme 6) [24]. 
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1 . 1 . 1.3 

Lithiation Directed by Oxazoiines 

Early in 1995, the groups of Richards [25],Uemura [26] and Sammakia [27] si- 
multaneously published results showing that chiral oxazoiines attached to aro- 
matic rings are capable of directing diastereoselective lithiation. The best con- 
ditions for the diastereoselective lithiation of 27, derived from either valine or 
ferf-leucine, are s-BuLi in TMEDA-hexane at -78°C. Organolithium 28 is formed 
with a diastereoselectivity of >500:1 [28], and electrophilic quench gives a single 
diastereoisomer of the silane 29 (Scheme 7). Similar results have been obtained 
with related oxazoiines bearing a further chiral substituent [29]. 




s-BuLi, 

TMEDA, 

hexanes 



-78 ‘C 




28 

>500:1 diastereoselectivity 
(R = i-Pr or f-Bu) 




29 94% (R = ;-Pr) 



Scheme 7. 



Lithiation of the conformationally constrained ferrocenyloxazoline 30 
(Scheme 8) provided useful information about the mechanism by which lithia- 
tion of 27 achieves diastereoselectivity [30]. The product 32 must have arisen 
from an organolithium 31 in which the oxazoline nitrogen coordinates to the 
lithium (Scheme 8). It is likely that stereoselectivity in the lithiation of 27 results 
from a similar intermediate 28, in which the oxazoline R group surprisingly 
points towards the ferrocene nucleus. Presumably, while this is not the ground 
state of the starting material, lithiation in this conformation is faster since the 
organolithium’s approach is unhindered. 




>100:1 diastereoselectivity 



Scheme 8. 

Although oxazoiines can be used as auxiliaries and later removed [27, 31], 
they have also been retained in target molecules which have then been used as 
ligands for a variety of asymmetric transformations. Eerrocenes carrying oxa- 
zoline and phosphine coordination sites [25, 26, 32-34], oxazoline and amine 
coordination sites [35], and ferrocene bis-oxazo lines [36-38] have been synthe- 
sised by the method of Scheme 7. 
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A ferrocenyloxazoline with only one adjacent position available for deproto- 
nation will lithiate at that position irrespective of stereochemistry. This means 
that the same oxazoline can be used to form ferrocenes with either sense of pla- 
nar chirality. The synthesis of the diastereoisomeric ligands 33 and 35 illustrates 
the strategy (Scheme 9), which is now commonly used with other substrates to 
control planar chirality by lithiation (see below). Ferrocene 33 is available by 
lithiation of 27 directly, but diastereoselective silylation followed by a second 
lithiation (best carried out in situ in a single pot) gives the diastereoisomeric 
phosphine 35 after deprotection by protodesilylation [25, 32, 34]. 
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Scheme 9. 



Double lithiation of bisoxazoline 36 is possible with either s-BuLi [38] or t- 
BuLi [36] , and interestingly each base gives different planar diastereoselectivity. 
Double lithiation with s-BuLi, quenching the dianion with ClPPha, leads to the 
Ca-symmetric bisphosphine 37 as the major product (Scheme 10). With t-BuLi, 
the diastereoisomeric bisphosphine 38 is isolated as the sole product. 




R = /-Pr: 78:22 37:38 (63% 37 -p 1 4% 38 isolated) R = /-Pr: >20:1 38:37 (60% isolated) 

R = t-Bu: 85:15 37:38 (66% 37 isolated) R = f-Bu: >20:1 38:37 (43% isolated) 

Scheme 10. 



Bis-oxazoline ligands can also be produced by oxidative coupling of the cop- 
per derivative of diastereoisomerically pure 28 (Scheme 11) [37] . Further lithia- 
tions of the product 39, which was produced as single diastereoisomer, occur (as 
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Scheme 11. 



in Scheme 9) at the second site adjacent to the oxazoline, giving for example 40, 
despite the (presumably) less favourable stereochemistry of the lithiation step. 
Bisoxazolines 40 direct the asymmetric copper-catalysed cycloprop an ation of 
styrene using diazo acetate. 

In removing the oxazoline auxiliary from the products, Richards has demon- 
strated the use of the diastereoselective ferrocenyloxazoline lithiation in the syn- 
thesis of conformationally constrained amino acid derivatives (Scheme 12) [31]. 
Amination of 27 was achieved by nitration, reducing to the amino group after re- 
moval of the oxazoline under standard conditions. Using the trick of silylating 
the more reactive diastereotopic site, it was possible to make either enantiomer 
of 43 from the same oxazoline starting material. 
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Scheme 12. 



1 . 1 . 1.4 

Lithiation Directed by Other Diamine and Amino Alcohol Derivatives 

A number of alternatives to oxazolines based on other diamine or amino alcohol 
derivatives have been proposed, and in several cases good control over planar 
stereoselectivity can be achieved. The earliest, published before any work on fer- 
rocenyloxazolines, drew on Nozaki’s early studies [3,39] on stereoselective lithi- 
ation of aminomethylferrocenes, and made use of the proline- derived amino 
ether 45 (Scheme 13) [40]. Substitution of 44 gave 46, whose lithiation proceed- 
ed with 93:7 stereoselectivity with «-BuLi in ether at -78°C and with 99:1 stere- 
oselectivity with s-BuLi in ether at -78°C. Reaction of 47 with ClPPh 2 gave 48; 
the enantiomer is available by silylation, re-lithiation, phosphination and depro- 
tection in the manner of Scheme 9. Removal of the prolinol auxiliary is achieved 
by acetylation and hydrolysis to 49 [41]. 

The same proline-derived ring system features in Enders’ RAMP and SAMP 
chiral hydrazone auxiliaries, and Enders [42-45] has shown than RAMP and 
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SAMP hydrazones derived from acylferrocenes will direct the diastereoselective 
lithiation of the ferrocene ring (Scheme 14). For example, treating benzoylfer- 
rocene 50 with (S)-hf-amino-O-methylprolinol 51 generates 52 after silica-cata- 
lysed equilibration to the more stable £-hydrazone [42] . Lithiation of 52 gives or- 
ganolithium 53 selectively: after electrophilic quench, products 54 were ob- 
tained in 80-95% yield and with <2% of a minor diastereoisomer. Removal of 
the auxiliary is achieved by oxidative or reductive means. 



Ph L Ph 

50 2. SiOj, CH 2 CI 2 52 




53 54 

>98:2 

diastereoselectivity 



Scheme 14. 



Similar chemistry is possible starting from hydrazones bearing acidic a pro- 
tons: an initial diastereoselective enolisation and electrophilic functionalisation 
of the hydrazone can be followed by derivatisation which is stereoselective in the 
planar sense [43,44]. 

An acyclic methoxyamine, 0-methylephedrine 55, fulfils a similar role in the 
diastereoselective lithiation of 56. Substitution with 55 gives 56 from 44, and 
lithiation of 56 typically gives products 57 with >90:10 diastereoselectivity 
(Scheme 15) [46]. Auxiliary removal is possible by quaternisation and substitu- 
tion with dimethylamine (giving 58) or other nucleophiles, producing potential 
ligands with planar chirality only. Usefully, the products formed by this method 
are enantiomeric with those formed by most other auxiliary methods when the 
more readily available enantiomers of the starting materials are used. 
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Aminomethylferrocene 60, this time without further methoxy substituents, 
also lithiates diastereoselectively (Scheme 16) [47, 48], and similar results may 
be obtained with simple chiral pyrrolidines [49]. Treatment of 44 with the 
binaphthylamine 59 yields 60. Lithiation generates a 9:1 mixture of diastereoiso- 
meric organolithiums, which give the phosphine 61 (Scheme 16) [47, 48]. At- 
tempts to obtain reversed planar diastereoselectivity by using silylation to block 
the more reactive lithiation site failed. 




60 79% 61 65% 



Scheme 16. 

Some success has been achieved by a method which bridges the gap between 
the use of a chiral base and the use of an auxiliary to functionalise ferrocenes 
stereoselectively. Double protection of the dialdehyde 62 by addition of the chi- 
ral amine 63, and lithiation with f-BuLi, gives a mixture of lithiated species 
which leads to 64 and 65, in proportions dependent on the amount of t-BuLi em- 
ployed (Scheme 17). Though the yields of each are not high, both products 64 
and 65 are obtained in very high enantiomeric excess [24]. 
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1 . 1 . 1.5 

Lithiation Directed by Sulfoxides and Sulfoximines 

Probably the most versatile of all the auxiliary methods for asymmetric function- 
alisation of ferrocenes is based upon sulfoxides. First reported by Kagan in 1993 
[50], the strategy (Scheme 18) entails the formation of a ferrocenyl sulfoxide in 
enantiomerically pure form and its diastereoselective lithiation. For example, the 
f-butylferrocenyl sulfoxide 69 may be formed either with full enantiomeric puri- 
ty by stereospecific substitution of the sulfite 68 or in 90% ee by Sharpless -Kagan 
oxidation of the sulfide 67. Treatment of the sulfoxide 69 with n-BuLi at 0°C leads 
to diastereoselective lithiation with >98:2 selectivity, and subsequent additions 
of electrophiles, such as Mel, produces diastereoisomer 71 as the major product 
[50-52]. Evidence from the crystal structure of the product suggests that the 
lithiation is directed by the orientation of the sulfoxide oxygen with the f-butyl 
group pointing away from the ferrocene nucleus. The stereochemistry of the re- 
action is under kinetic control - higher temperatures lead to some erosion of 
stereoselectivity [51]. A second lithiation of 69 functionalises the second Cp ring 
and can give, via 72, the diphosphine 73 [50]. The planar chiral ferrocenyl f-butyl 
sulfoxides have been used as chiral auxiliaries [51] and as chiral ligands [52]. 
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Scheme 18. 



Similar deprotonations are possible using the p-tolyl sulfoxide 74 made by 
substitution of menthyl toluenesulfinate (Scheme 19) [51, 53]. This substitution 
is prone to loss of stereospecificity, since the product is able to undergo inversion 
by further reaction with another molecule of lithioferrocene, although careful 
control of conditions [53] ensures fully invertive substitution. The ability of the 
sulfur to undergo electrophilic attack enhances the value of the tolyl sulfoxides 
by allowing them to undergo subsequent substitution reactions by sulfoxide- 
lithium exchange. Lithiation (with EDA, to avoid nucleophilic substitution at 
sulfur) and quench of 74 gives products 75. Treatment with f-BuLi then gener- 
ates an organolithium which reacts quite generally with electrophiles. The se- 
quence shown in Scheme 19 therefore allows a ferrocene to be elaborated enan- 
tioselectively with any pair of groups which can be introduced by successive 
electrophilic attack. Among the molecules produced in this way are the interest- 
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ing planar chiral bis-phosphines 78, 79 [54] and 80 [55], which direct a number 
of catalytic transformations with moderate to good enantioselectivity. 

Sulfoximinoferrocenes [56] and ferrocenyl sulfonates [57] can also be lithiat- 
ed diastereoselectively, with the sulfoximine oxygen atom of 81 directing the de- 
protonation. 

1.1.2 

Enantioselective Lithiation of Achiral Ferrocenes 

1.1. 2.1 

Chiral Lithium Amide Bases 

The diastereoselective lithiation of 74 shows that ferrocenes bearing electron- 
withdrawing directors of lithiation are sufficiently acidic to allow deprotonation 
with lithium amide bases. By replacing LDA with a chiral lithium amide, enan- 
tioselectivity can be achieved in some cases. The phosphine oxide 82, for exam- 
ple, is silylated in 54% ee by treatment with N-lithiobis(a-methylbenzyl)amine 
83 in the presence of MejSiCl (Scheme 20) [58]. 



Scheme 20. 
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1 . 1 . 2.2 

Alkyllithium-(-)-Sparteine Complexes 

More generally successful however has been the use of alkyllithium/ chiral terti- 
ary amine [and in particular s-BuLi-(-)-sparteine] combinations [59]. One of 
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the very first examples of asymmetric lithiation involved ferrocene: Nozaki’s [3, 
39] (-)-sparteine-promoted functionalisation of isopropylferrocene with mod- 
erate asymmetric induction. For useful results in this area, however, a lithiation- 
directing group is required. A breakthrough came when Snieckus lithiated the 
amide 84 with «-BuLi in the presence of (-)-sparteine 85 at -78°C in Et20: reac- 
tion of the organolithium 86 with electrophiles generated products 87 in gener- 
ally excellent yield and up to 99% ee (Scheme 21) [60, 61]. Further lithiation of 
87 led to substitution on the lower, unfunctionalised ring. 
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Scheme 21. 



Lithiation of the dicarboxamide 88 is similarly diastereoselective, and after two 
successive n-BuLi-(-)-sparteine lithiations C2-symmetric products such as 90 can 
be made with high ee (Scheme 22) [62, 63]. Attempted double lithiation of 88 in 
one pot fails with n-BuLi; with s-BuLi-(-)-sparteine the major product is the 
meso-isomer of 90 [63]. The amidophosphine 89 has been used as a chiral hgand 
for Pd chemistry; the amides can be reduced to amino groups with BH3 • THF [60] . 
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Scheme 22. 



Contemporaneously with Snieckus, Uemura [64] showed that ferrocene 92 
bearing an aminomethyl group may also be lithiated enantioselectively by alkyl- 
lithiums: in these cases, better results are obtained with the C2-symmetric amine 
91 than with (-)-sparteine (Scheme 23). 

1.2 

Planar Chirality in Arenechromium Tricarbonyl Complexes 

Unlike the ferrocenes, the arene complexes of chromium, in particular the 
arenechromium tricarbonyls, have seen much less use in asymmetric catalysis. 
This is beginning to change, however [65], and a number of synthetic transfer- 
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Scheme 23. 



Fe 
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92 



CHO 
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mations of arenechromium tricarbonyls owe their existence to the formation of 
planar chiral chromium complexes by asymmetric lithiation processes [66]. The 
relative importance of substrate-controlled chiral auxiliary methods and rea- 
gent-controlled chiral base methods in the synthesis of planar chiral arenechro- 
mium tricarbonyls is essentially the inverse of the situation with ferrocenes: the 
chiral lithium amide base chemistry is much more well developed with the chro- 
mium compounds because of the greater acidity of the arene protons relative to 
the Cp protons of ferrocene, making them removable even by LDA [67]. We shall 
deal with the use of auxiliaries to direct planar stereoselective lithiation before 
moving on to chiral base methods. 

1.2.1 

Diastereoselective Lithiation of Chirai Arenechromium Triearbonyi Compiexes 

1. 2.1.1 

Chirai Aikoxy, Aminoethyi and Suifinyi Substituents 

Early examples of diastereoselective lithiation of arenechromium tricarbonyls in- 
volved arenes bearing chiral amino substituents, following the precedent of Ugi’s 
ferrocene chemistry (see above). Lithiation of 94 with f-BuLi (n-BuLi is less selec- 
tive) gives organolithium 95 which may be quenched with electrophiles to give 
single diastereoisomers of products such as the methylated 96 in high yield 
(Scheme 24) [68-72]. Lithiation proceeds when the methyl group can lie anti to 
the chromium in the chelated intermediate. Additions of 95 to aldehydes proceed 
with diaster eoselectivity at the new hydroxy-bearing centre; either diastereo- 
isomer of the products 98 can be formed by choosing between this reaction and an 
alternative diastereoselective nucleophilic addition to aldehyde 97. Interestingly, 
decomplexation and recomplexation provides a third diastereoisomer 98c. Similar 
chemistry is possible using ephedrine-derived arenechromium tricarbonyls [73]. 

As a chiral auxiliary, the aminoethyi group is a poor candidate as it is hard to 
remove. Davies demonstrated that removable chiral aikoxy groups will direct di- 
astereoselective lithiation provided LDA is used as the base [74] (alkyllithiums 
lead to substitution reactions with chromium-complexed ethers) [71]. Chromi- 
um-promoted substitution of 99 with 100 gives 101, whose treatment with LDA 
gives 102 completely regio- and stereoselectively (Scheme 25). Quenching with 
DMF yields the aldehyde 103. This aldehyde reacts diastereoselectively with 
PhMgBr, and decomplexation and Birch reduction of the auxiliary yield the oth- 
erwise difficult to obtain diol 105. The enantiomer 105b is available by acylation 
of 102 to give 106 followed by reduction to 104b and deprotection. 
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Some headway has been made using sulfoxides to direct the lithiation of 
arenechromium tricarbonyls in the manner of Kagan’s work with ferrocenes [75, 
76]. Diastereoselectivities in the lithiation-quench of 106 are excellent, though 
yields are poor with most electrophiles (Scheme 26). Diastereoselectivity re- 
verses on double lithiation, because the last-formed anionic site in 108 is the 
most reactive. 



Ph.s.0 

LDA, THF 



Cr(CO)3 

106 





Cr(CO)3 Cr(CO)3 



107 108 



Me| 

Ph„s.O 




Cr(CO)3 



I Mel 

Ph„s.O 

Me 

Cr(CO)3 




35%, >99.5:0.5 



29%, 94:6 



Scheme 26. 



1 . 2 . 1. 2 

Chiral Acetals andAminals 

In 1991, Green showed that slow addition of n-BuLi to a solution of the tartrate- 
derived acetal 109 leads to diastereoselective lithiation and hence allows forma- 
tion of the complexes 111 (Scheme 27) [77,78]. Similar acetals 112 and 113 (R= 
H) performed much less successfully. Formation of the organolithium 1 10 re- 
quired an excess of alkyllithium base, and its stereoselectivity appeared to be 
under thermodynamic control arising from equilibration of various lithiated 
species [78]. Unfortunately, removal of the auxiliary from 111 and its analogues 
proved problematic. 

The malic acid-derived auxiliary which gives good results in the ferrocene se- 
ries (see above) also looks promising among the chromium complexes, and the 
six-membered acetal of 1 14 is much more easily hydrolysed than the tartrate-de- 
rived acetals of Scheme 27 [79, 80]. Lithiation andbromination of 114 gives, after 
hydrolysis of the acetal, the complex 116 in 90% ee, increasing to >99% after re- 
crystallisation (Scheme 28). Compound 116 is an intermediate in a formal syn- 
thesis of (-)-steganone (see Scheme 45). 

Among derivatives of acetophenone, the acetal 113 (R=Me) performs the best 
[81]. Lithiation with f-BuLi in THF and electrophilic quench gives 117a in 60- 
85% yield and with about 95:5 diastereoselectivity (Scheme 29). Switching to 
Et 20 as the solvent leads to a precipitate which reacts with completely reversed 
diastereoselectivity, giving 117b. 
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Scheme 27. 



Scheme 27a. 





Scheme 28. 
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Scheme 29. 



The problem of auxiliary removal is overcome when acetals are replaced with 
the much more labile aminals, formed by reaction of benzaldehydechromium 
tricarbonyl 118 with diamines, and readily cleaved with mild acid. The best 
choice of diamine is 119, because the aminal 120 lithiates with good to excellent 
regioselectivity in the ortho-position (Scheme 30): the same could not be said 
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for diamines lacking further lithium-coordinating side-chains [82]. Treatment 
of 120 with three equivalents of n-BuLi in THF at -30 °C followed by electrophilic 
quench with 1,2-dibromoethane, for example, yields the product 121 with no 
trace of its diastereoisomer (>99.5:0.5 selectivity) in 64% isolated yield. 



CHO 






Cr(CO )3 

118 

MeO'^ 



^^OMe 





one diastereoisomer, 64% yield 



Scheme 30. 



Even greater ease of deprotection is achieved with the in situ protection strat- 
egy for the lithiation of aldehydes developed by Comins [23]. Alexakis showed 
that a lithiodiamine 122 related to 119 achieved in situ protection of benzalde- 
hydechromium tricarbonyl at the same time as directing regio- and stereoselec- 
tive lithiation (Scheme 31) [82]. Treatment of 118 with a slight excess of the lith- 
ium amide followed by three equivalents of n-BuLi and then the electrophile 
(MejSiCl) gave, after work-up, the product 124 in 72% ee and 68% yield. NMR 
examination of the intermediate 123 suggests that stereoselectivity is controlled 
by diastereoselective formation of the new a-aminoalkoxide centre. 
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Scheme 31. 



1.2.2 

Enantioselective Lithiation of Achiral Areneehromium Complexes 

1 . 2 . 2.1 

Chiral Lithium Amide Bases 

Areneehromium tricarbonyls are considerably more acidic than ferrocenes. 
Complexation to Cr(CO)3 allows even electron-rich ring systems such as anisole 
to be deprotonated by lithium amides [66]. In 1994, Simpkins showed that chiral 
lithium amides [83] could be used to achieve this transformation enantioselec- 
tively [84] . Anisole complex 125 was treated with the chiral base 83 in the pres- 
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ence of McjSiCl, giving the silane 126 in 83% yield and 84% ee accompanied by 
small amounts of a doubly silylated by-product (Scheme 32). Other related de- 
protonations were less successful, either in terms of yield (127 gives silylated 
product of 84% ee but only in 36% yield, with benzylic deprotonation being a 
problem) or ee (128-130 give varying amounts of product in <50% ee). 
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Scheme 32. 
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Early attempts to vary the electrophile or to use an “external quench” - i.e. to 
add the electrophile after lithiation was complete - were unsuccessful. However, 
further studies [85, 86] on this reaction produced some intriguing and valuable 
insights into its mechanism and allowed some of these problems to be solved. It 
became clear that racemisation of the lithiated intermediate 132 by proton ex- 
change with the amine 133 was the process which had previously destroyed 
enantioselectivity when electrophiles were added after completion of the lithia- 
tion. For example, an authentic sample of 132 could be formed by a second lithi- 
ation-quench of 126, desilylating with TBAF, and then submitting the product to 
tin-lithium exchange (Scheme 33). Compound 132 turned out to be fully config- 
urationally stable in the absence of 133, but configurationally labile in its pres- 
ence. The lithiation of 125 turns out to be much faster in the presence of LiCl, 
and this acceleration is sufficient to allow complete metallation before signifi- 
cant racemisation has occurred, and therefore to extend the range of elec- 
trophiles which can be used with 132 (for example, benzaldehyde successfully 
gives 134). Preferred conditions for the metallation are shown in Scheme 34. 
Other bases failed to improve the enantioselectivity [87]. 
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Scheme 33. 
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Scheme 34. 



The enantioselective lithiation of anisolechromium tricarbonyl was used by 
Schmalz in a route towards the natural product (+)-ptilocaulin [88, 89]. In situ 
lithiation of 125 with ent-83 gave ent-126 in an optimised 91 % ee (reaction car- 
ried out at -100°C over 10 min). A second, substrate-directed lithiation with BuLi 
alone, formation of the copper derivative, and a quench with crotyl bromide, 
gave 135. The planar chirality and reactivity of the chromium complex was then 
exploited in a nucleophilic addition of dithiane, which generated the ptilocaulin 
precursor 136 (Scheme 35). The stereochemistry of compound 126 has also been 
used to direct dearomatising additions, yielding other classes of enones [90]. 



1 . n-BuLi 

2. CuCI 

enf-126, 

91% ee 



Scheme 35. 

1,2-Dimethoxybenzene derivatives maybe silylated under similar conditions, 
sometimes with higher enantioselectivity (see Schemed?) [91]. Enantioselec- 
tive lithiation of complex 137 does not require such careful control of conditions. 
Treatment of 137 with chiral base 83 or 140 leads to an organolithium 138 which 
may be quenched with a range of electrophiles to yield products 139 in excellent 
yield and with ees in the range 65-75%, recrystallisable to >90% (Scheme 36) 
[92, 93] . The intermediate 138, on warming, undergoes rearrangement to a phe- 
noxide trapped as 141, but in only 54% ee due to concurrent racemisation. The 
application of other bases to this deprotonation has also been studied [87]. 

This reaction has been used in the synthesis of some phosphine ligands: 139 
(E=Br) of 62% ee was recrystallised to provide material of 95-97% ee. Suzuki 
coupling gave biarylchromium complexes 142, and the chromium’s electron- 
withdrawing ability was exploited to turn the carbamate into a leaving group: 
addition of Ph 2 PLi gave 143 (Scheme 37) [94]. 

The chromium tricarbonyl complex 144 of triphenylphosphine oxide is lithi- 
ated and silylated (in situ quench) by 83 and Me 3 SiCl to give 145 (X=Si) in 90% 
yield and 73% ee (Scheme 38) [95, 96]. Interestingly, the sense of asymmetric in- 
duction is reversed from the anisole result. With two equivalents of chiral base, 
bis-silyl compounds 147 could be formed. 
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Scheme 38. 

Adding electrophiles “externally” (after complete lithiation) failed, and in or- 
der to make potential ligands based upon the arenechromium skeleton, it was 
necessary to use Bu 3 SnCl in an internal quench procedure. Reduction of 145 (X= 
Sn) yielded a phosphine without decomplexation, and tin-lithium exchange can 
lead to a variety of products 146 in about 70% ee. 

Alkoxyalkyl-substituted arenechromium complexes have been lithiated enan- 
tioselectively in the benzylic position without control over planar chirality [97, 
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98] , and the tendency for lithium amides to lithiate at a benzylic position rather 
than on the ring itself poses a problem with some substrates. In the lithiation of 
148, an element of planar stereochemistry is introduced during a benzylic lithi- 
ation (Scheme 39) [86, 99]. Exploiting the accelerating effect of added LiCl on 
such lithiations, treatment of 148 with 83 and LiCl followed by Mel gave the ether 
150 in 79% ee. Oxidative decomplexation yields the known lactone 151. 

RIJCI3, 

Mel Nal 04 

^ — ' 

(COjaCr 149 j_| (COJaCr 159 

79% ee 



$ 



83 



LiCl, THF, 
(COiaCr i4g - 100 'C 




151 Me 



Scheme 39. 

The chiral base 83 turns out not to be the best choice for enantioselective lithi- 
ation of the sulfur analogue 152 (Scheme 40): the bis-lithium amide 153 in the 
presence of LiCl at -100°C gives better yields and enantioselectivity [96, 100]. 
The base 153 often turns out to be a good choice as an alternative to 83 for reac- 
tions that fail to give good enantioselectivity [98]. 



Ph Ph 




Scheme 40. 

Attempts to deprotonate the benzaldehyde derivative 127 enantioselectively 
met with some success (see above), but the reaction is complicated by benzylic 
lithiation [87, 92]. Better results are obtained with the benzaldimine 156, which 
is lithiated by 83 with good enantioselectivity and whose product is easily hydro- 
lysed back to the aldehyde 157 (Scheme 41). 




Scheme 41. 
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1.2.2.2 

Chiral Alkyllithium-Diamine Complexes 

An alternative approach to the asymmetric synthesis of arenechromium tricar- 
bonyls is to use achiral alkyllithiums in the presence of a chiral ligand - the di- 
amine (-)-sparteine 85, for example. In a study of the relative efficiencies of a 
range of diamines, Uemura showed that the best ligand for introducing enantio- 
selectivity into the lithiation of 158 and 161 was the diamine 159 (Scheme 42) 
[101]. (-)-Sparteine 85 performed relatively poorly with 158. 
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Scheme 42. 



By careful optimisation, Widdowson was able to show that methoxymethyl 
ethers of phenols are better substrates for alkyllithium-diamine controlled 
enantioselective deprotonation, and (-)-sparteine 85 is then also the best ligand 
among those surveyed: the BuLi-(-)-sparteine complex deprotonates 162 to 
give, after electrophilic quench, compounds such as 164 in 58% yield and 92% 
ee (Scheme 43) [102], Deprotonation of the anisole complex 125 under these 
conditions gave products of opposite absolute stereochemistry with poor ee. 

A problem with (-) -sparteine 85 is its lack of availability in both enantiomeric 
forms. Reversed selectivity in the generation of planar chirality has been 
achieved by second lithiations (see Schemes 26 and 34) and a remarkable mod- 
ification of this strategy works with arenechromium tricarbonyls. By using ex- 
cess BuLi (sometimes f-BuLi is required) in the presence of sparteine 85, a dou- 
bly lithiated species 165 may be formed from 162 [103]. The formation of the 
doubly lithiated species may be confirmed by double deuteration with excess 
D 2 O. However, other electrophiles react selectively only once and give products 
of opposite absolute stereochemistry from those formed after monolithiation, al- 
beit in rather low yield. Presumably, the first lithiation, which is directed by (-)- 
sparteine, produces an organolithium whose complexation with (-)-sparteine 
remains favourable. The second lithiation must produce a less stable organolith- 
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Scheme 43. 



ium - one which cannot form a stabilising complex with (-)-sparteine. This sec- 
ond formed “anion” is the first to react, and monofunctionalisation achieves the 
required reversal of stereochemistry (Scheme 43). 

Green has deprotonated arenechromium tricarbonyls bearing acidic benzylic 
protons with chiral bases in which the organolithium itself is chiral. Menthyllith- 
ium 167 (R=H) performed variably in terms of ee,but 8-phenylmenthyllithium 
167 (R=Ph) gave good yields and ees [in the opposite enantiomeric series from 
167 (R=H)] in the deprotonation of 127 (Scheme 44) [104]. Unlike most chiral 
bases, 167 (R=Ph) gives better results in THF than in ether. 
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Scheme 44. 

2 

Generating Axial Chirality by Lithiation 

The use of enantioselective lithiation to generate axial chirality directly is in its 
infancy. However, several strategies are available for the conversion of planar or 
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central chirality into axial chirality, and several research groups have reported 
success in using enantioselective lithiation first to generate planar or central chi- 
rality which can itself be used to control a new stereogenic axis. 

2.1 

Axial Chirality in Biaryls 

2.1.1 

\fia Planar Chirality 

Uemura pioneered the atroposelective Suzuki coupling of planar chiral 
haloarenechromium tricarbonyls with areneboronic acids to yield biarylchro- 
mium tricarbonyls with defined planar and axial chirality [105]. A valuable fea- 
ture of these reactions is that the major atropisomer about the new aryl-aryl 
bond generated in the coupling is typically the one bearing the larger group syn 
to chromium. This also turns out to be thermodynamically the less stable of the 
two atropisomers, so thermal equilibration allows the axial stereochemistry of 
the product to be inverted, and choice of conditions allows either atropisomer to 
be formed [ 106] . Schemes 45 and 46 show this method in action in the synthesis 
of two biaryl natural products, (-)-steganone [79] and 0,0'-dimethylkorupen- 
samine A [107, 108], In the first, an acetal auxiliary is used to direct the diaster- 
eoselective lithiation and bromination, yielding 116 (see Scheme 28). Coupling 
with boronic acid 168 in refluxing methanol yields the more thermodynamically 
stable of two relatively easily interconverted atropisomeric biaryls. Further steps 
convert the axial chirality of 169 into the axially chiral natural product. 




MeOH, reflux, 1 h 



Scheme 45. 

The protected diol side-chain of 170 is introduced by asymmetric dihydroxy- 
lation and directs diastereoselectivity in the formation of 172 by lithiation. The 
most acidic position of 170, between the two methoxy groups, is first protected 
by silylation. Suzuki coupling of 173 with the boronic acid 174 gives the kinetic 
product 175 - the more severe hindrance to bond rotation in this compound 
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Scheme 48. 



to axial stereochemistry and gives a single axial stereoisomer 189. Deprotection 
of the aldehyde lowers the barrier to Ar-Ar rotation and allows relaxation to the 
thermodynamically preferred stereoisomer 190. 



2.1.2 

By Direct Lithiation 



The only example of direct control of axial chirality in biaryls is an early report 
by Raston of the lithiation of the achiral biaryl 192 using n-BuLi-(-)-sparteine. 
The product 194 of unknown configuration was obtained in moderate ee 
(Scheme 49) [112]. 




192 




Scheme 49. 

2.2 

Axial Chirality in Other Atropisomers 

During the late 1990s, several research groups investigated the stereoselective 
reactions of compounds with slowly rotating bonds other than Ar-Ar [113]. 
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Principal among these are amides: either benzamides, exemplified by 197, or an- 
ilides, exemplified by 200 (Scheme 50). Given the known lithiation directing 
ability of amide groups [1, 114], these compounds are clearly prime candidates 
for asymmetric synthesis using enantioselective lithiation. 

2.2.1 

\fia Planar Chirality 

As with atropisomeric biaryls, axial chirality in atropisomeric amides may be in- 
troduced by stereochemical control in the atroposelective reactions of planar 
chiral complexes [115]. Enantioselective lithiation was reported in this context 
by Uemura, who showed that the achiral complexes 195, 198, 201 and 204 are de- 
protonated enantioselectively by treatment with chiral lithium amide bases 
(Scheme 50) [116-118]. The stereogenic C-C and C-N axes in these compounds 
are orientated such that the larger NR 2 and acyl groups, respectively, are direct- 
ed away from the chromium. A range of chiral lithium amides was investigated, 
and by careful selection it was possible to obtain products 196, 199, 202 and 205 
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Scheme 50. 
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with excellent yield and enantioselectivity. Decomplexation returns atropi- 
somers with no loss of absolute stereochemistry, though products such as 197 
racemise slowly on standing. Even with the same base, the anilides 198 and 
amides 195 give products in opposite enantiomeric series. The diethyl-substitut- 
ed anilide 204 could be functionalised enantio- and diastereoselectively to yield 
such products as 205 with control over chiral plane, axis and centre. 

2 . 2.2 

\fia Central Chirality 

A stereogenic centre constructed by the (-)-sparteine-directed lithiation and 
electrophilic quench of benzamides reported by Beak [119] can function as a 
temporary cache of absolute stereochemistry during the enantioselective forma- 
tion of atropisomeric amides [120]. Lithiation of 207 and reaction with MejSiCl 
in the presence of (-)-sparteine 85 gives silane 208 in >97% ee after two recrys- 
tallisations from petroleum ether (Scheme 51). 1-Silylethyl-bearing amides with 
freely rotating amide axes (such as 208) have been shown to adopt a conforma- 
tion approximating to that shown (Scheme 51), in which the amide substituents 
and the silyl group are able to avoid close non-bonded interactions [121]. The 
absolute stereochemistry of the silyl-bearing centre therefore translates itself, 
under simple thermodynamic control, into absolute stereochemistry in the form 
of the preferred conformation of an amide axis. Trapping the preferred conform- 
er of 208 as a single atropisomer allowed the absolute stereochemistry of the sil- 
icon-bearing centre to be translated completely into axial stereochemistry. Ro- 
tation of the amide group was blocked with a second or f ho -substituent on the 
benzamide ring. The amide 208 was treated with s-BuLi to orfho-lithiate it, and 
the organolithium was quenched with a range of electrophiles including ClPPh 2 , 
which gave the phosphine 209. Finally, removal of any thermodynamic confor- 



>97% ee 




Scheme 51. 
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mational bias by desilylation gave 210, whose Ar-CO rotation is slow and is 
therefore obtained as a single enantiomerically enriched atropisomer [120]. 

The “thermodynamic” strategy employed in the asymmetric synthesis of 210 
is outlined in Scheme 52. The starting amide 207 is a pair of rapidly intercon- 
verting (small AG^ 2 (.) enantiomeric (aR and aS) conformers about the Ar-CO 
bond. Asymmetric construction of the stereogenic centre in 208 perturbs the 
populations of the conformers, favouring aR over aS. This thermodynamic per- 
turbation of populations is then fixed kinetically,by introduction of the substit- 
uent R into 209. Now the thermodynamic perturbation - the stereogenic centre 
- can be removed, and the kinetic barrier to re-establishment of equilibrium 
(large allows the enantiomeric excess to be retained in the products 210. 




Scheme 52. 



2.2.3 

By Direct Lithiation 

Deprotonation of uncomplexed compounds 211 similar in structure to 195 is 
also possible, but the yields and enantioselectivities obtained are poorer than 
for the chromium-complexed analogues (Scheme 53). The range of bases avail- 
able for use in this reaction is limited by the loss of the acidifying effect of chro- 
mium complexation. However, with an internal electrophilic quench it was pos- 
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Scheme 53. 




sible to form the axially chiral benzamide 212 with the same sense of asymmet- 
ric induction as 197 in 89% ee using lithium amide 83 [122]. 

s-BuLi-(-)-sparteine failed to yield any useful asymmetric induction in the 
deprotonation of 21 1. However, in 1 996, Beak and Curran reported an asymmet- 
ric ortho-lithiation using s-BuLi-(-)-sparteine, which deprotonates 213 with 
moderate enantioselectivity [119], Low yields of products 214 are obtained 
(Scheme 54 is representative) and the reaction is almost certainly a kinetic res- 
olution of the starting amide, which at -78°C exists as a mixture of enantiomeric 
atropisomers [123]. 




Scheme 54. 



2.3 

Axial Chirality in Allenes 

Axial chiral allenes may be formed from “anions” in a number of methods, and 
it is perhaps surprising that the methods of asymmetric organolithium chemis- 
try have been applied to relatively few cases. An early example was the demon- 
stration by Nozaki and Noyori (Scheme 55) that decomposition of gem-dibro- 
mo cyclopropanes 215 to allenes by halogen -lithium exchange to the lithium 
carbenoid 216 in the presence of (-)-sparteine 85 yielded optically active allenes 
217 of indeterminate enantiomeric excess [124, 125]. 

Recently, Hoppe has shown that asymmetric deprotonation of propargyl car- 
bamates 218 canleadto enantiomerically enriched alkynes 220 [126]. Treatment 
of 218 with «-BuLi in the presence of (-)-sparteine 85 gives a crystalline organo- 
lithium complex 219 which reacts with electrophiles to yield enantiomerically 
enriched alkynes 220. Invertive transmetallation with ClTi(0-i-Pr)3 generates 
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n-BuLi, 

H-sparteine 



hexane, -70 'C 





215 



216 aR17 34%, [a]D = +1.g 

ee unknown 



Scheme 55. 



the propargyltitanium species 221 whose reactions with electrophiles give enan- 
tiomerically enriched allenes with control over axial chirality. For example, sim- 
ple protonation gives 222 in 88% ee; reactions with aldehydes give single dias- 
tereoisomers of 223 in >95% ee (Scheme 56). 



H O 




86%, 88% ee 
IacOH 



Me3Si'^ 



218 





Scheme 56. 



3 

Conclusion 

Common to almost all systems exhibiting planar or axial chirality are aromatic 
rings, allenes at least having n-systems and spiro compounds excepted. The 
range of methods available for making aryl-, benzyl- and vinyllithiums [127] 
therefore suits their enantioselective synthesis by organolithium chemistry. 
Some areas nonetheless have received much more attention (metal complexes) 
than others (biaryls and allenes), and there are still many opportunities for fur- 
ther advances. 

Note added in proof. The diastereoselective lithiation of W,N-dimethylferrocenylethylamine) 9 
(Scheme 2) and sparteinemediated enantioselective lithiation of (diisopropylamido)fer- 
rocene 84 (Scheme 21) using MeLi were modeled through an assumed reversible adduct for- 
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mation at the amine N or amide O, followed by an irreversible ring lithiation; selectivity re- 
sults from ring lithiation via the adduct conformer with the shortest HjC-Li interac- 

tion [128], Clayden and coworkers have reported that ortho-lithiation and reaction with (-)- 
menthyl p-toluensulfinate introduces a sulfoxide substituent ortho to the stereogenic Ar-CO 
axis of an aromatic amide [129], The sulfoxide exerts a powerful conformational bias on the 
axis, such that after rapid equilibration at ambient temperature essentially only one of two di- 
astereoisomeric Ar-CO atropisomers is populated. Sulfoxide-lithium exchange by treatment 
with t-BuLi regenerates the ortho-lithiated amide in an enantiomerically pure and conforma- 
tionally stable form, from which rapid electrophilic trapping generates highly enantiomeri- 
cally enriched atropisomeric tertiary aromatic amides. 
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The addition of RLi to unactivated C=C bonds is much more restricted than the addition to 
activated, electron-poor C=C bonds. The known examples are briefly surveyed, and the enan- 
tioselective version is detailed: in an intermolecular way (cinnamyl and non-phenylated sub- 
strates), and in an intramolecular way (cyclizations from an enantiomerically enriched orga- 
nolithium derivative, or from a racemic one, under the influence of a chiral ligand). 
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HMPA hexamethylphosphoric triamide 

LDBB lithium di-ferf-butylbiphenylide 

THF tetrahydrofuran 

TMEDA tetramethylethylenediamine 

rt room temperature 

1 

General Aspects of Carbolithiations 
1.1 

Introduction 

The preceding chapters have described chiral lithium reagents, and the enanti- 
oselective addition of organolithiums to polar carbon-heteroatom double bonds 
and C=C bonds conjugated with an electron-withdrawing group. In this chapter, 
we consider the enantioselective addition of RLi reagents to unactivated C=C 
bonds [1,2]. This subject has been tackled only recently: the major reason is that 
carbolithiations, in the racemic series, were restricted to a limited amount of 
substrates. A major limitation comes from the fact that the desired (homologat- 
ed) reagent B is very similar to the starting one A, (both possess an sp^-C-Li 
bond) and polymerization may occur [Eq. (1)]. It must be recalled that the ani- 
onic polymerization of alkenes [3,4] was initially performed with organoalkali 
metals. 



RLi 




A 




fii4 B 
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^3 

4., 


'T 
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1 F 





( 1 ) 



This drawback is circumvented if the addition occurs on a triple bond [Eq. 
(2)], where a less reactive sp^-C-Li bond is formed, or on an intramolecular dou- 
ble bond [Eq. (3)], where entropy factors are favorable. In this latter case, a new 
sp^ carbon has been created. 



R Li + R-] R2 




(2) 




We shall then consider mostly cases concerning Eqs. (1) and (3), and first re- 
call which substrates allow such carbolithiations in the racemic series. 
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1.2 

Intramolecular Carbolithiations 

Intramolecular carbolithiation is now a common process to generate cyclic sub- 
strates, and is particularly well suited for the creation of five-membered rings 
via a 5-exo-trig cyclization [5, 6] (Scheme 1). Cascade reactions can be per- 
formed when starting with a diethylenic organolithium reagent [7]. 




Scheme 1. 



This cyclization is efficient if the alkene moiety is terminal, or bears a phenyl, 
trimethylsilyl, cyclopropyl [8], or sulfide [9] group, but not if it is internal [10]. 
The reagent is usually prepared by iodine/ lithium exchange in a low polarity 
solvent (pentane-ether), so that coordination of the lithium atom to the tx bond 
[6, 11] is favored. The starting iodoalkene must be primary, or else Wurtz-type 
or elimination products reduce yields [ 12] . However, 6-ethylenic benzyllithiums 
(even tertiary ones) generated from Se/Li exchange, undergo the reaction [13]. 
6-Ethylenic vinyllithiums where lithium is located on carbon 2 undergo cycliza- 
tion, with comparable rates [14] and lead to exomethylene ring systems (see 
Scheme 2). 




6-Ethylenic allyllithiums also cyclize,with possible further proton transfer, or 
further internal nucleophilic substitution [ 15]. Finally, P-methylpyrroli dines are 
accessible via such 5-exo-fr/gcyclizations from a-lithiomethyl allylamines [16]. 
Four-membered rings can be prepared via a 4-exo-trig cyclization [17, 18], but 
with lower yields, since the cyclobutylcarbinyllithium thus formed tends to re- 
open [18, 19] (Scheme 3), unless it is stabilized by a neighboring alkoxy moiety 
[18] (Schemed). 
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Scheme 3. 



Scheme 4. 




In a similar way, cyclopropylcarbinyllithiums, which can be formed by cycli- 
zation of homoallyllithiums undergo 1,2-vinyl rearrangements [19, 20], unless a 
lithioalkoxy group, initially P to lithium accelerates the ring closure, and stabi- 
lizes the cyclic product [19a] (Scheme 5). An efficient similar stabilization is ob- 
served if the starting lithioalkene is derived from a vinyl thioether [19b]. 

Cyclizations of a 6-exo-trig nature are possible, but are much slower than the 
5-exo-trig ones [12], and require the presence of TMEDA (Scheme 6), except in 
cases where the lithiated position is benzylic [21] or aza-allylic [22] 



Scheme 5. 




1 “) n^BuLi 
2”) LDBB.THF 
-78°C, 5 min 






Li 1°)TMEDA 
2°) warm to rt 

then MeOH 



Scheme 6. 



Yield : 68 % 
(without TMEDA: 6 %) 
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1.3 

Intermolecular Carbolithiations 

The addition of RLi to unactivated alkenes [23] is difficult. Wittig [24], in his pio- 
neering work, showed that it was promoted by a donor group, vicinal to the un- 
saturation, and allylic alcohols were found to be good substrates [25] . More recent- 
ly, addition of «-butyllithium (2.2 equivalents) to cinnamyl alcohol, either Z or £, 
has been performed with good yields [26] , in the presence of TMEDA. The benzyl- 
lithium thus obtained has been trapped by methyl iodide (Scheme 7 ) to give a syn 
diastereomer with an excellent diastereoselectivity (dr=98:2). This steric outcome 
is interpreted by a facile epimerization of the formed benzyllithium, whose hthium 
atom is chelated in a five-membered ring. In this ring, both substituents prefer a 
trans relationship. The subsequent trapping takes place with a formal inversion of 
configuration, and a cyclic dilithiated intermediate has been proposed (Scheme 7). 



Scheme 7. 



Ph 





dr 98:2 
66% 



However, if one starts from a cinnamylamine, either Z or E, butylhthiation un- 
der the same conditions, followed by trapping of the intermediate by electrophiles, 
now leads to the anti product [27](Scheme 8), via retention of configuration. 





dr 96:4 




NR2 



Scheme 8. 
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This steric outcome has been interpreted [28, 29]. The presence of an allylic 
hydroxy or amino group is not necessary, in fact, and styrene itself adds various 
tertiary, secondary, and even primary alkyllithiums if ether is used as a solvent 
(and not THF which promotes the known polymerization) [30]. MeLi, PhLi, or 
vinyllithiums do not react, even in the presence of TMEDA, but in the presence 
of this additive, they will react on ortho-allyloxystyrenes, and mediate the mi- 
gration of the allyl moiety to a benzylic position [31, 32] (Scheme 9). 




+ RLi 



EtzO, /Rjyco^ 

'T5»C° Li 2)H30+ HOOC 



R = primary, secondary, tertiary 
yields: 84-94 % 



MeLi,Et20 



TMEDA 




-78“Cto" 

-25°C 




tyrenes, orf/io-substituted by a y-unsaturated chain, undergo a “cascade reac- 
tion” corresponding to a double addition sequence, to give disubstituted tetral- 
ins [33] (Scheme 10), whereas the addition of a |3-unsaturated alkyllithium to 
styrene leads to trans- 1,2-disubstituted cyclopentanes [34] (Scheme 11), via 
successive inter- and intramolecular additions. 



Scheme 10. 




Scheme 11. 




a-Aryl-O-vinyl carbamates also add regioselectively a variety of organolithi- 
um reagents, and the resulting benzyllithium can be trapped at -78°C, whereas 
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Scheme 12. 
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-78°C 



Bu Ar 



Me 






Ar 



NEtg 







on warming to room temperature, it undergoes a [ 1,2] -Wittig rearrangement to 
form a 2-aryl-2-hydroxyamide [35] (Scheme 12). 

Very few non-arylated alkenes undergo intermolecular carbolithiation. This 
is the case for diallylamines once they have been converted to a dianionic inter- 
mediate which promotes the desired addition of n-butyllithium [36] 
(Scheme 13), and of 2-azaallyllithiums which react with vinylsilanes [37] by an 
anionic [3-1-2] -cycloaddition process followed by elimination (Scheme 14). 



Scheme 13. 



Scheme 14. 




1 ) n-BuLi, ether, 

-50 to-30°C 

2) ferf-BuLi, pentane, 



Li — N----U 



R Li, ether, 
-20 to -i-20°C 



-30 to -h20°C 




Si Eta 




97% 



2 

Enantioselective Intermolecular Carboiithiations 

All substrates described above should be, in principle, amenable to an enanti- 
oselective version of carbolithiation, under the influence of either a chiral ligand 
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for lithium, which would promote a face selection on the ethylenic unsaturation, 
or of a chiral group already present on the substrate (diastereoselection). The 
first efficient results, according to the former process, came from the (-)- 
sparteine-mediated carbolithiation of (£)-cinnamyl alcohol [38], in hexane or 
cumene (but not in an ethereal solvent), by primary and secondary alkyllithium 
reagents (Scheme 15). For butylation in cumene, the hydrolyzed product was 
obtained in 82% yield, with an ee of 80%. 



Scheme 15. 



Ph 



OH 



RLi / hexane 
(-) - sparteine 
0“C, 1h/ 
Solvent 






dr> 98:2 



As discussed above, for the racemic series [26-29], a further quench of the in- 
termediate benzyllithium by electrophiles delivered highly diastereoselectively 
(>98:2) the substitution products, derived from a formal inversion of configura- 
tion (Scheme 15). Two chiral centers have thus been created. Curiously enough, 
this high diastereoselection remains valid, if one starts from (Z )-cinnamyl alco- 
hol, but the enantioselection is now reversed, although with slightly lower ees 
(70%). Thus, although sparteine is only available in the (-) form, both enanti- 
omers of 2-benzylhexan-l-ol can be prepared, by switching from the E to the Z 
form of cinnamyl alcohol [38] (Scheme 16). If the allylic alcohol is not substitut- 
ed, as is the case with allyl alcohol, addition occurs but without any induction. 



Ph 



n-BuLi / hexane 



OH 



(-)- sparteine 
0°C, 1h/ 



Ph Bu 



L'^OLi 




63%, ee 70% 




60 %, 
ee 70 % 
dr > 98/2 



Scheme 16. 
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The presence of a free alcohol is not a requirement, and cinnamyl ethers, or 
amines can be used as well [38]. In all cases, an interesting reagent for the trap- 
ping of the intermediate benzyllithiums is zinc bromide, which gives access to 
the organo zinc species: This metal-metal exchange takes place also with inver- 
sion of configuration, thus the intermediate lithium reagents shown in Schemes 
9-15, 9-16, (phenyl and butyl groups anti to each other) give the corresponding 
zinc reagents where these groups are now syn. These kinetically formed species 
are configurationally stable, up to -30°C for hours, and can be trapped by elec- 
trophiles, or they can be epimerized to the thermodynamically favored diaster- 
eomer (phenyl and butyl groups anti to each other) by warming to room tem- 
perature or higher [27] (Scheme 17). 



Ph Bu 






OLi 



Ph 
PCI 

inversion tJ 



Bu 



OH 



87 %,dr 95/5, ee 84 % 




78 %, dr 95/5, ee 84 % 




Ph ,Bu 



OH 



73 %, dr 95/5, ee 84 % 



Scheme 17. 



The necessity of using a hydrocarbon as the solvent in the reactions discussed 
thus far raised the problem of using a “home-made” lithium reagent, since these 
derivatives are best made from a halogen/lithium exchange in an ethereal sol- 
vent. This difficulty may be circumvented if pentane, hexane, or cumene is add- 
ed to the RLi,LiX reagent, prepared in ether, but a larger amount of sparteine has 
to be added, since the diamine coordinates efficiently with the lithium halide. 
The best way is to start from an alkyl chloride, so that LiCl already precipitates 
in ether, and to pump off this solvent after the addition of cumene: under these 
conditions, a 1 : 1 ratio of sparteine: RLi can be used [27] . 

Sparteine, as a tertiary diamine (like TMEDA), is necessary for the addition 
to proceed, and one may surmise that a catalytic amount of it should be efficient 
if this ligand moves from the formed benzyllithium to the starting alkyllithium. 
This is indeed the case, and in the presence of 5% of (-)-sparteine, butyllithium 
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Ph 



n-BuLi / hexane 



XR 



XR 
: OKNMe. 



5% (-)- sparteine 
0°C 




XR = OUNMej 



H3O* 



XR 
XR = OH 
55%, ee 84% 
XR =NM 62 
70%, ee 82% 




Scheme 18. 



adds to (£)-cinnamyl alcohol or (£)-cinnamyldimethylamine with ees of 84 and 
82% [38] (Scheme 18) 

In order to improve the fair enantiosectivity described above, the coordina- 
tion between the chiral organometallic complex, the electron-donating oxygen, 
and the n-bond of the styryl moiety were reinforced by switching from cinnamyl 
alcohol to its mixed acetal derived from 2-methoxypropene. For this latter case 
the carbolithiation takes place at -50°C (instead of 0°C with cinnamyl alcohol) 
and primary or secondary alkyllithiums (in hexane or cumene) give the addi- 
tion product in 70-80% yield, with ees of 94 and 90%, respectively [39, 40] 
(Scheme 19). With /i-butyllithium, the use of 10% sparteine led to 67% yield 
(with an ee of 92%), whereas use of 1% sparteine gave 50% yield (with an ee of 
85%) [39]. 



MeOH 
HCI, 3N 



>95% 

OH 

yield: 70-80% 
ee: 90-94% 

Scheme 19. 




Ph Ph 

(-)-sparteine 
-50°C 



MeO 



V 



2») hfeO 



MeO 



With this acetal, instead of hydrolyzing the intermediate benzyllithium, one 
can let it warm to room temperature, and an internal nucleophilic substitution 
takes place, whereby the acetal moiety behaves as a leaving group, and a trans- 
disubstituted cyclopropane is formed in 60-70% yield [39,41]. The first-formed 
stereogenic center remains unaffected in this second step, whereas the benzylic 
lithiated carbon is able to epimerize [38, 39], leading to the more stable trans- 
cyclopropane [42-44] (Scheme 20). 

According to these preliminary results, it was believed that the observed 
enantioselectivities were due to the presence of a heteroatom (0,N) in the allylic 
position. Later on, it was shown that homologated substrates with a hydroxy 
function in the homo, or bishomo position [45], also undergo carbolithiation, 
with only slight erosion of ees (Scheme 21). 

The question was then raised whether such functionalities were indispensa- 
ble. Since styrenes add organolithiums (Sect, 1.3), |3-alkylstyrenes were tested in 
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Scheme 20. 




R 



yield: 60-70% 
ee >90% 



n-BuLi, cumene, 0“C 

1 equiv (-)- sparteine 
thenl-yy 

72% 




ee 70% 
ee 70% 



Scheme 21. 



a sparteine-mediated carbolithiation. With one equivalent of (-)-sparteine, in 
hexane, at -15°C,for 4 hours, various primary alkyllithiums add to (£)-|3-meth- 
ylstyrene in good yields, and good enantioselectivities (ee: 76-85%) 
(Scheme 22) [45]. 




Me 



86% 
ee 84% 

Scheme 22. 



rt-HexLi / hexane 
1 equiv (-)- spartein e 

hexane 




n- BuLi / hexane 
1 equiv (-)- sparteine 

hexane 




83% 
ee 85% 



In this case also, a catalytic amount (10%) of sparteine can be used, but a low- 
er ee of 70 % is obtained. As in the cinnamyl series, the geometry of the alkene is 
crucial. If (Z)-(3-methylstyrene is reacted with n-BuLi in the presence of 
1 equivalent of (-)-sparteine, the addition is much slower, and requires 10 h at 
0°C to give 50% of the adduct [which is the enantiomer of the one obtained from 
(£)-(3-methylstyrene] , but with a low ee of 28%. According to this result, a kinet- 
ic resolution has been performed [45], in the addition of n-BuLi to (3-ethylsty- 
rene as a mixture of the two isomers {E:Z= 90:10): The butylated adduct is ob- 
tained in 87% yield with 78% ee, whereas the (Z)-styrene is recovered to the ex- 
tent of 7%. (Scheme 23). 

Stilbenes also add «-BuLi in the presence of (-)-sparteine. Yields are generally 
good, but the stereoselectivity is very low (<30%). Interestingly, orfho-meth- 
oxystilbene reacts with a good regioselectivity, which is opposite to that ob- 
served with orfho-hydroxystilbene, but both give poor enantioselectivities [46] 
(Scheme 24). 
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Et 

90% 10% 



n-BuLi / hexane 
1 equiv. (-)- sparteine 

hexane Et 

7% 

87% 
ee 78% 



Scheme 23. 






1) n-BuLi /cumene 
(-)- sparteine 

0°C, 36h 

2) aq. HCI 




Scheme 24. 



The phenyl group of cinnamyl alcohol has been replaced by a variety of 
groups (heteroatoms, alkynyl or alkenyl moieties. . .) in order to test the enanti- 
oselective carbolithiations of the resulting substrates [46]. Low enantioselectiv- 
ities have been obtained, except in the case of dienic alcohols [47]. Sparteine, like 
TMEDA, promotes the substitution of the hydroxy group of penta-2,4-dien-l -ol 
by an alkyllithium reagent (via an addition-elimination-readdition process) 
(Scheme 25), but if the pentadienol is substituted on carbon 5, then the expected 
addition on carbon 2 takes place, and an allyllithium is formed. The latter is hy- 
drolyzed non-regioselectively, but hydrogenation of the mixture of the adducts 
delivers a saturated alcohol in 71% yield, with an ee of 74% (Scheme 26). A 6- 
silylated pentadienol behaves in a similar way [47] (Scheme 27). 




1) 3 eq. n-BuLi, 1 eq. (-)- sparteine 
toluene, 0°C, 2h 



Pe Pent 




2 ) 



H2O 





96% 



Scheme 25. 

Recently, the strategy used for cyclopropanation, as described in Scheme 20 
has been extended to such substrates; the mixed acetals derived from dienyl al- 
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1) 3 eq. EtLi, 1 eq. (-)- sparteine, 
ether, hexane, 0°C, 6h 



2) HgO 




Et 

65%, mixture of isomers 



Scheme 26. 



yieid: 71% 
ee: 74% 




Hz , Pd/C 



1) 3 eq. EtLi, 1 eq. (-)- sparteine, 
ether,hexane, 0°C, 2h 

MegSr OH • 

2) HCi 

3) Ha, Pd/C yield; 77 % 

ee: 65% 




Scheme 27. 



cohols and acetone dimethyl acetal, when treated with an alkyllithium in the 
presence of 10% (-)-sparteine, lead to frans-l-alkyl-2-vinylcyclopropanes in 
50-83% yield, with ees in the 50-83% range [48] (Scheme 28). 






n-BuLi, 10% (-)- sparteine 
hexane, -10°C,then rt 



eu 



cHex- 




yield 70% 
ee: 72% 



Scheme 28. 



Enantioselective ring opening of symmetrical bicyclic dihydrofurans via ad- 
dition-elimination of n-butyllithium in the presence of (-)-sparteine has led to 
ring enlargement with ees up to 52%, whereas premixing of the two reagents at 
0°C for 15 min, prior to the addition step (at -40°C), allowed a catalytic use of 
sparteine, giving comparable ees (Scheme 29) [49]. 




OTBDMS 



1) n-BuLi (5 eq.), ether, 0°C 

(-)- sparteine (0.15 eq.) 

2) H 2 O 




Scheme 29. 



yield: 60% 
ee: 52% 
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In the field of nucleophilic additions to arenechromium tricarbonyls [50] , the 
chromium complex of phenyloxazoline adds various organolithium reagents re- 
gio- and enantioselectively in the presence of (-)-sparteine (or chiral 1,2-di- 
ethers). The lithium adduct thus formed has been trapped with propargyl bro- 
mide, leading to a trans-disubstituted cyclohexadiene of high ee [51] 
(Scheme 30). 




Cr(CO )3 



Ph ph 

1) )— ( , PhLi 

MeO OMe 

Toluene, -78 °C, 4h 

2) Propargyl bromide 




HMPA 

-78 to -1-20° C 



yield: 66 % 
ee: 93 % 



Scheme 30. 



In a chiral approach to ferrocenyldiamines, various aryllithiums, in the pres- 
ence of sparteine, and in toluene, were added to 6-dimethylaminofulvene, lead- 
ing to chiral lithium cyclopentadienides. The latter can be transformed into fer- 
rocenes, via an Fe(II) salt. When the aryllithium is or f ho -substituted by a me- 
thyl, and in the presence of a chiral binaphthyl alcoholate, instead of sparteine, 
the ratio of chiral to meso-ferrocene is 88/12 (in 94% yield) and the chiral one is 
almost pure (ee>99%) (Scheme 31) [52]. 




ee > 99% 



for ArLi= 2-MeC6H4Li: yield: 94%, ratio chiral/ meso: 88/12, 

Scheme 31. 

The presence of a chiral appendage on an unactivated ethylenic substrate may 
also induce a diastereoselective carbolithiation: Thus, cinnamaldehyde has been 
transformed into a gem-amino alcoholate [53], with the lithium monoamide of 
an enantiomerically enriched 1,2-diamine [54] (Scheme 32). This chiral sub- 
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strata is able to add an alkyllithium reagent regioselectively. The resulting ben- 
zyllithium can be trapped by methyl iodide to give the corresponding dialkylat- 
ed aldehyde, after hydrolysis, by a process which corresponds to an “umpolung” 
of the usual nucleophilic conjugate addition-electrophilic capture of the starting 
aldehyde. Reduction of the adduct leads to a primary alcohol with an ee of 93%. 
This reaction has been extended to a (1-silylated acrolein [54] (Scheme 32) with 
a similar stereoselection. 
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Scheme 32. 



3 

Enantioselective Intramolecular Carbolithiations 

The (-)-sparteine-mediated enantioselective carbolithiation of phenyl-substi- 
tuted alkenes has been performed intramolecularly to prepare enantio enriched 
cyclopentanes [55]. Scheme 33 shows that the (S)-configured (a-carbamoy- 
loxy)-alkyllithium, made by enantioselective deprotonation, still undergoes a 
syn addition, followed first by epimerization of the intermediate benzyllithium, 
and then by the electrophilic attack of the latter with inversion of configuration: 
three stereogenic centers have been created . A similar stereoselective cycliza- 
tion has been used to transform piperidine-derived substrates into indolizidines 
[56]. The reaction proceeds equally well, if the styryl moiety, present here, is re- 
placed by a 1 -phenylbutadienyl or a l-phenylbut-l-yn-3-enyl moiety [57]. 

In the preceding substrate of Scheme 33, if a phenylethynyl moiety is used in- 
stead of a styryl one, problems may arise from the acidity of the propargylic hy- 
drogens. However, the 5-exo-dig cyclization takes place readily if a bulky substit- 
uent is located on the propargylic position which may be of (R) or (S) configu- 
ration. In both cases the (S)-configurated (a-carbamoyloxy)alkyllithium is still 
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1) sec-BuLi,(-)-sparteine 
ether, -78‘>C, 22h 



2) PhMe2SiCI 





38% 
dr > 98;2 
ee > 95% 



Scheme 33. 



formed, and according to the stereochemistry at the propargylic center, a unique 
exomethylene cyclopentane, either trans or cis is formed in excellent ee [58] 
(Scheme 34). 




1) sec-BuLi, (-)-sparteine 
ether, -78°C, 20h 



2) MeOH 






’OCby 



88% 
dr 95/ 5 
er 95/5 




Scheme 34. 



as above 




99% 
dr 5/ 95 
er 5/95 



Reverting to the simple phenylated substrate of Scheme 33, if the styryl moi- 
ety is or f/io -substituted by a phenyldimethylsilyloxy group, the 5-exo-trig cycli- 
zation is now followed by a retro- [1,4] -Brook rearrangement. Whatever the (£) 
or {Z) configuration of the styryl group, the intermediate benzyllithium epimer- 
izes, and a pentacoordinated silicon allows transfer of the silicon moiety diaster- 
eoselectively to form a unique C-silylated adduct (er>98:2, dr>99:l) [59] 
(Scheme 35). 

An interesting enantioselective cyclocarbolithiation has been disclosed by 
Hoppe’s group, starting from a racemic carbamate (1) derived from indene 
(Scheme 36). Enantioselective deprotonation of the two enantiomers now leads 
to two lithio-diastereomers. A kinetic resolution takes place since the syn carbo- 
lithiation from {R,S)-2 maintains the carbamate group in a pseudoequatorial po- 
sition, whereas for (S,S)-2, this group would be forced in an endo position: as a 
result, the tricyclic adduct (-)-3 is formed in high purity after hydrolysis, where- 
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Scheme 35. 



as {S,S)-2 reverts to the optically active starting material (S)-(+)-l. If the reac- 
tion is performed with the phenylated analogue 4, the intermediate benzhydryl- 
lithium, formed after the first cyclization, is prone to induce a subsequent cyclo- 
propanation via ay-elimination of the OCby group, and (-)-5 is formed [60]. 





ee > 97% 




Scheme 36. 

Beak’s approach to enantiomerically enriched a-aminolithium reagents [61] 
has been used to prepare pyrrolizidines [62] from a 2-stannylated-iV-(l-buten- 
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3-yl)pyrrolidine. If the tin/lithium exchange is performed at low temperatures in 
THF, followed by warming to 0°C, no cyclization takes place; but in pen- 
tane/ether (10/1), although the cyclization requires room temperature, the de- 
sired bicyclic (-i-)-pseudoheliotridane is formed in 90% yield, as a single diaster- 
eomer of 94% ee (Scheme 37). This result shows that the intermediate lithium 
reagent is configurationally stable (tj/2=5 h) at 23 °C, and reacts with retention of 
configuration. 




Scheme 37. 

Changing the M-butenyl moiety of the starting reagent in Scheme 37 into an 
N-pentenyl one gives access to indolizidines via 6-exotrig cyclization [62b, 63] 
(Scheme 38). In the same low polarity solvent, at room temperature, the reaction 
now requires 6 h, (ti/2=90 min) and allows for epimerization of the lithium rea- 
gent which racemizes within 1 h. But if the cyclization process is boosted by the 
presence of a phenylthio moiety on the double bond, the cyclization operates 
readily (ti/2=4 min) and leads to a 70/30 mixture of the diastereomeric indolizi- 
dines with ees of 72 and 74% (Scheme 38). 




75% 72% 



Scheme 38. 



When W-lithiomethyl-N-benzylamino-l-but-3-ene is prepared by tin/lithium 
exchange in the presence of (-)-sparteine, the corresponding pyrrolidine is 
formed with a low er of 64; 36. If the benzyl group is replaced by a chiral R- 
phenethyl group, transmetallation in THF at -78°C, in the presence or the ab- 
sence of sparteine, leads to a 3:1 mixture of diastereomeric pyrrolidines 
(Scheme 39) [64]. 

Access to enantiomerically enriched lithium derivatives a to oxygen, by 
tin/lithium exchange, with retention of configuration [65], has been addressed 
by Nakai and coworkers, not only to study the stereochemistry of the [1,2] - and 
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n-BuLi, {-)- sparteine 
-78°C, THF or 
hexane-ether 



yield: 74-84% 



N' er: 64: 36 

^Ph 




1) n-BuLi, 
-78°C, THF 



2) MeOH 




with sparteine, er: 79/21 
without sparteine, er: 74/26 



Scheme 39. 



[2,3] -Wittig rearrangements [66], but also to perform intramolecular carbolithi- 
ations on a terminal C=C bond, or an internal C=C bond bearing an allylic leav- 
ing group [55d, 67] (Scheme 40). A trans-2,3-disubstituted tetrahydrofuran is 
formed with a total retention of configuration. 
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(R ) 90% ee 



1) n-BuLi (5 equiv) 

THF, -78 to 0°C 
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yield = 67 % 



(R)95%ee 



(2S,3R ) trans 
95% ee 



Scheme 40. 

In the reduction of a chiral a-cyanoether by lithium di-tert-butyl-biphenylide 
(LDBB), the intermediate radical captures a second electron more rapidly than 
it cyclizes, and delivers an organo lithium derivative which is able to give a 5-exo- 
trig cyclization: the resulting spiro-derivative is obtained with 42% ee [68] 
(Scheme 41). 




LDBB, THF 
-78°C, 10 min 




1) CO 2 , 
-78°C 



2 ) CH2N2 




65% 
ee: 42 % 



Scheme 41. 



> 98 % ee 
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Finally, complexes of (-)-sparteine and aryllithiums can cyclize with good 
enantioselectivities onto a terminal C=C bond, tethered to the ortho-position of 
the aromatic ring (in the heterocyclic or homocyclic series). Thus, when the or- 
fho-lithiated-N,f^-diallylated aniline, in Scheme 42, is submitted to a Br/Li ex- 
change at -78°C in pentane-ether, and is allowed to warm to room temperature, 
after the addition of 2 equivalents of sparteine: the corresponding 2-methylin- 
doline is formed in 69% yield, and 93/7 er. The analogous orfho-but-3-en-l-yl- 
bromobenzene requires more stringent conditions (1 h at -i-22°C), and furnishes 
the desired 3-methylindane in 73% yield with a lower er (71/29) [69]. 

A vinyllithium (2-lithiohepta-l,6-heptadiene) also cyclizes in the presence of 
sparteine at 0°C,to form an exomethylene cyclopentane in 73% yield, but the er 
is also limited to 70/30 [69a] (Scheme 42). 




1) 2.2 fert-BuLi 
ether-pentane, 
-78°C, 



1) (-)-sparteine 

2) -40°C, 1.5 h, 
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1) (-)-sparteine 

2) 0°C, 2.5 h, 



3) MeOH 




73% 

er : 70 / 30 



Scheme 42. 



When two aryllithium moieties are part of the same ethylenic substrate, rep- 
resenting a meso-diether, as in Scheme 43, the addition-elimination process 
(S}^2' reaction) can be directed by chiral ligands: chiral amino alcoholates, or al- 
coholates derived from binaphthol promote the formation of one enantiomer of 
the resulting dihydrobenzofuran [70]. 

In the field of diastereoselective intramolecular carbolithiations, a stereogen- 
ic center, already present in the vicinity of the C=C bond, can induce a facial 
choice. Thus, the epimerizable tertiary benzyllithium of Scheme 44, [71] under- 
goes a 5-exo-trig cyclization under the influence of the neighboring chiral lithi- 
um alkoxide, and delivers four isomeric cyclopentanes (in a ratio of 82:8:7.5:2.5) 
in 90% yield. 




EnantioselectiveCarbolithiations 



307 




Scheme 43. 




Scheme 44. 



4 

Conclusion 

The enantioselective carbolithiation of unactivated C=C bonds is, so far, re- 
stricted to limited cases: In the intramolecular carbocyclization,best results are 
obtained in the case of five-membered rings, starting with a primary alkyllithi- 
um bearing a terminal C=C bond in the 6-position (which may be “activated” by 
a phenyl or a phenylthio group, or by the presence of an allylic leaving group). 
The intermolecular process is also allowed, in the cinnamyl or the styryl series, 
and it is now extended to the case of conjugated dienols. High enantiomeric ex- 
cesses can be attained in the presence of sparteine, which so far, represents the 
best chiral ligand for such enantioselective additions, and can be used in cata- 
lytic amounts in certain cases. The presence of a low polarity solvent is crucial, 
as it favors the Li/C=C u-bonding, and reduces problems due to polymerization. 
In the intramolecular version, it is possible to start with an enantiomerically en- 
riched secondary lithium derivative, if cyclization is fast enough, as compared to 
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epimerization. For inter- or intramolecular carbolithiations, a chiral center, al- 
ready present on the substrate can induce a highly diastereoselective addition. 

Without doubt, the “state of the art” reported here, only represents a starting 
point for further investigations in this vast domain. Not only is a new stereogenic 
center created, but also a new organolithium derivative is formed, which may 
further react in a diastereoselective fashion. 

Note added in proof. Different allyl 2-lithioaryl ethers undergo tandem carbolithiation/y-elim- 
ination in Et 20 /TMEDA affording o-cydopropyl phenol or naphtol derivatives in a diastereo- 
selective manner; the use of (-)-sparteine as a chiral ligand instead of TMEDA allows the syn- 
thesis of cyclopropane derivatives with up to 81 % ee [72]. 
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